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ABSTRACT 
The need for the present research study was born from the drive by a South African coal-to-fuel 
(CTL) technology operation, Sasol Secunda Operations (SSO), to pursue cleaner technologies that 
comply with the ideal of a circular economy. The SSO case study sources coal feedstock from its 
on-site mining operations, and treats the resulting coal mine drainage, at total dissolved solids 
(TDS) of 5200 mg/l (Nieuwenhuis et al., 2000), on-site using Reverse Osmosis (RO) and 
Electrodialysis Reversal (EDR) processes. The RO and EDR processes are energy-intensive, 
require chemical dosing, and produce a brine-rich waste stream, at TDS of 25000 mg/l (Osman et 
al., 2010), that requires further treatment or controlled disposal. Hence, the present research 
explores the use of biological sulfate reduction (BSR) technologies to treat coal mine drainage 
(CMD) due to their environmental sustainability. Also, BSR treatment technologies are dependent 
on a low-cost carbon source as an electron donor (Liamleam, W. and Annachhatre, A.P.; 2007) to 
ensure economic viability. Coal-to-liquid (CTL) technologies generate high-strength simple-organic 
effluent wastewater, i.e. Fischer-Tropsch Reaction Water (FTRW), which is the carbon source used 
in this research to ensure economic viability. Sasol produces large quantities, about 30Ml/d, of 
FTRW and currently uses activated sludge systems to treat FTRW. This is costly due to the high 
cost of aeration and disposal of large quantities of waste sludge produced by aerobic processes.  
 
It is within this context that the present research studies the biological co-treatment of CMD and 
FTRW from the Sasol Secunda CTL technology operations with emphases on sustainability and 
circular economy. The goal of the present study is allocated to the individual tasks that have specific 
objectives, which are achieved by bench-scale and simulated (i.e. computer-generated) 
experiments. Hence, the objectives of the present research study are as follows: 
 
1. Firstly, make-up a synthetic CMD and FTRW mixture, within the Centre of Bio-Process 
Engineering (CeBER) laboratory at University of Cape Town (UCT), which is then fed to the BSR 
systems on a batch basis. The feed mixture is not at its gas-aqueous phase equilibrium directly 
upon make-up, and the pH of the mixture changes over a 24-hour feed period. The dynamics of 
the feed mixture are modelled using a pre-processor to describe its weak acid-base state; 
 
2. Secondly, develop a prototype dynamic model, presented in a mass and charge-balanced Gujer 
Matrix describing 1) a continuously stirred tank reactor (CSTR) BSR system, and 2) a Gas-lift 
BSR (GL-BSR) integrated system, that includes a H2S reactive absorption unit (ABS) that 
contains a ferric solution coupled to a ferrous biological oxidation reactor. Most CSTR-BSR 
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system operates under limiting oxygen conditions, which result in Sulfide and elemental S (S0) 
oxidation reactions. The evidence of sulfide oxidation, which yields elemental S is shown in 
Figure A below, the reactor for the work of Matimba et al., 2008; 
 
1Figure A: Evidence of sulfide oxidation to elemental S in the BSR unit of Matimba et al. (2008)  
 
3. Thirdly, this prototype model, includes the verified above-mentioned processes with the SRB-
mediated process of the CSTR-BSR system. H2S and CO2 gas are stripped out of the GL-BSR 
system and stabilised, in the H2S active absorption (ABS) unit. The H2S is stabilised to its stable 
elemental S form, where electrons are accepted by ferric ions (Fe3+) to produce ferrous ions 
(Fe2+). Fe3+ is regenerated in the Fe2+ bio-oxidation reactor for reuse. These steps are also 
modelled in the context of the GL-BSR integrated system. This prototype model includes 
modelling protocol steps, 1) model verification and 2) reaction rate selection and initial kinetic 
parameter estimation performing nonlinear least squared methods using experimental datasets.  
 
4. Fourthly, operate parallel CSTR-BSR and GL-BSR systems, for comparison, under the 
conditions where the stripping/ carrier gas is varied as follows, 1) N2 gas stripping, 2) CO2 gas 
stripping, and 3) continuous stirring, no gas sparging. This comparison is done using the 
experimental datasets obtained from the bench-scale study of the two systems operated under 
similar feeding conditions and results of model simulation.  
 
In the present study, three laboratory-scale systems, namely two 5-litre CSTR-BSR systems and 
15-litre GL-BSR system, are operated under varying feed COD concentrations and hydraulic 
retention times (HRTs), which are defined as the state variables for the BSR system model. The 
Elemental S formation on reactor 
surface  
Metal Corrosion  
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variation of the feed substrate mixture COD concentrations, used during the experimental study,  
are 1250, 2500, 5000, 7500 and 10000 mgCOD/l, split between the two 5-litre CSTR-BSR systems 
and 2500, 5000 and 10000 mgCOD/l for the 15-litre GL-BSR system operated at varying carrier 
gas conditions. The HRTs are 2.5, 5, 7.5, 10, 15 and 30 days for all three BSR systems. 
Furthermore, the GL-BSR system includes two more integrated operations as shown in its process 
flow diagram in Figure B below. The two integrated operations are, 1) a 1-litre H2S gas reactive 
absorption (ABS) unit using an aqueous Fe3+ solution for the recovery of elemental S (S0) from H2S, 
and 2) a Fe2+ biological oxidation reactor to regenerate Fe3+ from Fe2+ for resupply to the ABS unit.  
 
 
2Figure B: Process flow diagram for both the CSTR-BSR and GL-BSR systems.  
 
To determine the reaction rate equations and allow for parameter estimations for the ABS and Fe2+ 
bio-oxidation reactors, the Fe2+ feed concentration is varied at 5, 10,15, 20 and 25gFe/l. Also, it was 
observed that the pH of all the synthetic feed mixtures varied between 6–7.5 over a 24-hour period 
of use of a feed batch. The dynamics of the feed mixtures were also studied and a weak acid-base 
model that describes this behaviour was developed within this study. In doing so, the dynamics of 
the feed can also be included in the final BSR model. 
 
The datasets generated from the experimental study allow for, a) the identification and 
mathematical modelling of thirty-two components that interact as reactants and products in twenty-
three reactions observed in the two BSR systems, and b) the determination of the best fitting kinetic 
rate equations for the twenty-three reactions and estimation of the relating kinetic parameters. The 
prototype model is presented by a mass- and charge-balanced Gujer matrix that includes five 
sulfate reducing bacteria (SRB) mediated processes, two liquid-gas mass transfer processes, three 
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processes describing the ABS and Fe2+ bio-oxidation units, four processes describing Sulfide and 
elemental S oxidation and the S0 and poly-sulfide aqueous equilibrium, and nine processes 
describing death regeneration.  
 
The Matlab® Curve Fitting Toolbox is used to do curve-fitting to determine the best fitting kinetic 
rate equations using non-linear least squares methods for the datasets of the experimental study. 
A best-fit goodness is excepted at r-squared values of 70% for a selected equation. The Saturation 
and Contois equations were determined to by appropriate for describing the reaction rates mediated 
by sulfate-reducing bacteria (SRB) using the COD components acetate, propionate, butyrate and 
valerate, for the CSTR-BSR and GL-BSR systems. The sulfate concentration is considered to be 
the limiting component for the COD substrate consumption rate equations. Parameters estimated 
for the sulfate utilisation rate equations are the kinetic constants, 1) the maximum substrate 
utilisation constant, Km, 2) the half-saturation constant for the organic substrate, Ks, and 3) the half-
saturation constant for the sulfate substrate, KSO42 , in the case of SRB activity. Thereafter, the 
results from the parameter estimation are used to determine the equation describing the rate 
inhibition factors. The five SRB mediated processes are implemented in the simulation software 
DHI WEST® and further preliminary validation is done, using independent datasets, to evaluate the 
error of the prototype model.  
 
The simulation results for the DHI WEST® platform are compared with the measured data, at the 
HRT of 7.5 days (which is not used in the prototype model initial validation step), of the bench-scale 
studies of the CSTR-BSR and GL-BSR systems to evaluate the error levels between the measured 
and predicted results. It should be noted that limited calibration of the kinetic parameters was done, 
and this only to provide the researcher with some idea of whether the reaction stoichiometries and 
selected kinetic equations do provide outcomes that would be comparable with the measured data 
from the experimental setups. This provides some idea of functionality of this model to a reader, all 
be it not at very high accuracy. To allow the model to be evaluated, the model had to be 
implemented and simulated using the DHI WEST® software, and as such needed some level of 
calibration of the kinetic constants to allow the running of the simulation.  
 
Further work to conduct in-depth calibrations following modelling protocols are recommended for 
this work in Chapter 8. This initial stage calibration of the kinetic parameters provided error levels 
for the models follows: 
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a. The DHI WEST® simulation prediction of the effluent total COD concentration (Se) for the GL-
BSRCO2, GL-BSRN2, and CSTR-BSR systems, operated at HRT of 7.5 days, are conducted 
using the kinetic constants Km, SRB = 10.1, Ks, SRB  = 5.2 and KSO4_SRB = 8.19 to determine the error 
between the measured and predicted results. 
o The prediction error of the effluent total COD concentration, from the different substrate 
COD feed concentrations to GL-BSR_CO2 operating mode system has mean (μ) and 
standard deviation (σ) of μ = 9.1% and σ = 1%, respectively;  
o The prediction error of the effluent total COD concentrations of the GL-BSRN2 operating 
mode system, from the different substrate COD fed case studies, was found to have a μ = 
7.4% and σ = 5%, respectively.  
o The error for prediction of the effluent total COD concentrations of the CSTR-BSR operating 
mode system was found to have a μ = 26.6% and σ = 15.3%, respectively.  
Also, the total COD concentrations have further been subdivided into its VFA components, e.g. 
acetate, propionate, butyrate, and valerate, and the error of the effluent component 
concentrations was determined for each component.  
 
b. The sulfide oxidising bacteria (SOB) activity in the CSTR-BSR system operated at HRT of 7.5 
days at the different feed substrate concentrations to the BSR system, was simulated for the 
kinetic constants at Km,SOB = 9.37, Ks,SOB = 0.1 and KO_SOB = 3.26 using the DHI WEST® 
simulation software. The predicted effluent sulfide concentration results were also evaluated for 
the error of the μ and σ, which was μSOB = 27.7%, and σSOB = 15.2%, respectively.  
 
c. The relative errors determined for the predicted effluent elemental S concentrations for the bS0 
activity in the CSTR-BSR system, under similar conditions as the SOB evaluations above, were 
simulated at the kinetic constants of Km,bS0 = 6.825 and Ks,bS0  = 0.024  and KO_bS0 = 0.01, using 
DHI WEST® was found to be μbS0 = 16.4% and σbS0 = 13.4%. 
 
d. Finally, the relative errors determined for the predicted effluent ferrous concentrations for the 
bFe2 activity in the GL-BSR system, at the kinetic constants at Km,bFe2 = 315 g/ll and Ks,bFe2  = .2 
g/ll using DHI WEST® simulation software were determined to be μbFe2 = 7.5%, and σbFe2 = 
13.4%. 
 
The mean relative errors found for the predicted effluent concentrations using the prototype model 
developed for the BSR systems is less than 30% at this initial stage of limited calibrations. Further, 
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uncertainty and global sensitivity analysis (GSA) are recommended for this prototype model in follow-
up work to improve the error of the predicted effluent concentrations. However, for the purpose of 
the current study, the prediction error is acceptable.  
 
A model describing the dynamics of the feed COD mixtures have been developed and includes the 
CO2 evolution from the different feed batches (feed COD Concentration) at for the first 24-hour period 
to be 4.148 mg.l-1.hr-1 (1250), 9.949 mg.l-1.hr-1 (2500), 22.41 mg.l-1.hr-1 (5000), 36.84 mg.l-1.hr-1  
(7500) and 52.36 mg.l-1.hr-1 (10000). Mathematical models were also developed that describes the 
changes in pH and Alkalinity of the feed mixtures where the greatest change in pH was found to be 
from 5.8 to a maximum of 7.6.  
 
The substrate consumption rate (gCOD.l-1.d-1) of the GL-BSRN2 and CSTR-BSR systems was 
compared to determine which system had a higher substrate consumption rate. The results were 
found to be as follows,  
a. The substrate consumption rate for the CSTR-BSR system is 60.82% of that of the substrate 
consumption rate GL-BSR_N2 system at Se for both system of 2gCOD/l, where both systems 
were fed COD of 2500 mgCOD/l  
 
b. Also, for the BSR systems fed COD at 5000 mgCOD/l, the substrate consumption rate for the 
CSTR-BSR system was found to be 17.86% less than that of the GL-BSRN2 system at Se of 
2gCOD/l, for both systems. 
 
c. Finally, it was also found that the substrate consumption rate for the CSTR-BSR system was 
30.06% less than that of the GL-BSRN2 system at Se of 4gCOD/l, for both systems fed 
substrate at 5000 mgCOD/l. 
 
Thus, it can be concluded that the substrate consumption rate for the GL-BSR system is higher 
than that of the CSTR-BSR system, for systems fed substrate at 2.5 or 5gCOD/l where both systems 
have the same effluent substrate concentrations. However, the difference in the comparative 
substrate consumption rate is less at higher feed substrate concentrations. This is the effects of 
substrate inhibition on the active SRB biomass, which increases with increased effluent or reactor 
substrate concentrations.   
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Finally, this research found that the use of gas-lift reactor technologies is superior to CSTR 
technologies in the treatment of CMD using BSR. The CSTR-BSR system, fed sulfate between 1.6 
to 14gSO42-/l, produced effluent with high dissolved H2S concentrations, on average 285 mgS/l and 
maximum at >600 mgS/l, which is hazardous to aquatic and human health and corrosive to 
infrastructure. The effluent from the CSTR-BSR system requires further treatment to stabilise the 
water for any use. The GL-BSR technology also allows for resource recovery of elemental sulfur, 
thus complying with the circular economy aim of the present study.  
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CHAPTER ONE:  
INTRODUCTION 
 
1.1. General Background  
South Africa is well known as one of the most mineral resource-rich countries in the world and it is 
for this reason that the mining industries have been the cornerstone of the country’s economy for 
over a century (Mbeki, 2009; Antin, 2013). Historically, it started with the discovery of diamonds and 
gold in the central and Vaal regions of the country in the 19th century, but today the mining focus 
has shifted towards many other minerals, e.g. platinum, chrome, coal and manganese (Pocket 
Guide to SA 2013/14).  
 
The importance of South Africa’s mineral wealth to the country’s economy on the day-to-day 
livelihood of its people and the economy can be expressed by the importance of coal in the services 
of 77% or 159.467 bn. KWh of the country’s energy needs (Export.gov, 2019). Coal-fired power 
stations generate most of the country’s electricity, and the Sasol coal-to-fuel (CTL) technology 
supplies 30% of South Africa’s fuel needs. The World Coal Association (2014) listed the country as 
one of the top 10 coal producers in the world. Most of the country’s coal resources are mined from 
the Karoo-basin covering parts of Mpumalanga, Free State and the southern regions of Limpopo 
(Pocket Guide to SA 2013/14), and coal is mostly mined from open-pit or shallow underground 
mines within these areas (Lloyd, 2003). Lloyd (2003) also reported that due to the coal mining 
industry size, i.e. 259 million tons of coal per year for 2013, and the economic importance of coal 
to the South African economy, the resultant environmental impacts are significantly based on the 
scale of this mining sector. The environmental impacts from coal mining operations and coal fed 
utilities commonly result in pollution of ground and surface waters, air pollution from dust and 
smoke, and atmospheric pollution, e.g. greenhouse gasses, namely CO2, SOx and NOx. Akcil, A. 
and Koldas, S. (2006) reported that discharge of untreated mine water posed a great risk to human 
health, aquatic life and vegetation due to the pollutants contained within this mine water. 
 
The mine drainage from gold mining is commonly highly acidic due to the oxidation of pyrite (FeS2) 
and is referred to as Acid Mine Drainage (AMD) (Scharer et al., 1995; Gurung, 2001; Johnson and 
Hallberg, 2003). While Liu et al. (1991) and Cravotta et al. (1999) reported that the pH of coal mine 
water drainage was variable depending on the characteristics of the strata at the mining site. Coal 
mine drainage (CMD) ranges from the acidic, pH ranges 2.5 to 4, for mining sites with a high 
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abundance of pyrite (FeS2) strata with coal deposits to the more neutral, pH ranges 6–9, for sites 
with a high abundance of calcite strata/ limestone (CaCO3) (Liu et al., 1991 and Cravotta et 
al.,1999).  
 
Sasol (ltd), located in the Highveld area at Secunda, has developed the industrial applications of 
CTL technology to produce fuels and chemicals using coal from its local mining operations as its 
primary feedstock. As is the case with most mining operations, considerable ground and surface 
water pollution occurs and transpires from these mining sites. The Highveld coal fields are 
commonly found in areas with both pyrite and calcite strata, which result in the pH of the mine water 
drainage commonly being in the range of 6–9 but still containing a fairly high sulfate concentration. 
Surender and Petrik (2009) reported that the pH of coal mine water drainage from the SSO ranges 
between 7–8.5, with sulfate concentrations between 2000–4000 mg/l.  
 
As part of its corporate social responsibilities, Sasol (ltd) is responsible for the management and 
treatment of mine water from its mining operations. The treatment of mine water or acid mine 
drainage (AMD) is usually achieved by the application of treatment technologies, namely (i) physical 
treatment methods, e.g. Reverse Osmosis (R.O); (ii) Physico-chemical treatment methods, e.g. 
addition of coagulants and flocculants; and (iii) biological treatment methods, e.g. biological sulfate 
reduction (BSR). Currently, Sasol uses physical treatment technologies, namely Reverse Osmosis 
(RO) and Electro Dialysis Reversal (EDR) processes to treat its mine water for reuse within its 
operations (Nieuwenhuis et al., 2000). However, RO processes produce brine, which is a highly 
saline concentrated wastewater that requires further treatment. R.O is a highly energy-intensive 
process that goes against sustainable production practices, which include minimised energy use 
practices.  
 
This research proposes the study of biological sulfate reduction technologies for the treatment of 
the CMD generated from Sasol Secunda’s coal mining operations. The use of BSR technologies 
could be a more economical treatment option and generate fewer waste streams. However, the 
economic viability of BSR technologies is based on the cost of an organic carbon source used as 
an electron donor (Liamleam, W. and Annachhatre, A.P.; 2007). In the case of the Sasol Coal-to-
liquid (CTL) technology process, a readily available and economically viable organic source exists 
in the Fischer-Tropsch Reaction Water (FTRW). FTRW is an effluence stream produced in the 
Fischer-Tropsch Reactors of the Synfuel Syngas Generation Processes. FTRW is a high-organic-
strength (18gCOD/l) wastewater from the Sasol’s Fischer-Tropsch synthesis process that consists 
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predominantly of Volatile Fatty Acids (VFAs). Sasol produces large quantities, about 30Ml/d, of 
FTRW and currently uses activated sludge to treat FTRW, which is costly due to the high cost of 
aeration and the disposal of large quantities of waste sludge produced by aerobic processes.  
The existence of the two afore-mentioned wastewater/effluent streams, i.e. CMD and FTRW, in the 
Sasol CTL operations presents an ideal opportunity for the application of the co-treatment 
technology proposed in the present study.  
 
1.2. Research Problem Statement 
The work by Matimba et al. (2008) aimed to study the feasibility of the application of BSR 
technologies for the Sasol case study where, artificially prepared FTRW and a carbonate 
neutralised sulfate mixture representing CMD, were fed to a continuously stirred tank reactor 
(CSTR). However, during their study, the bench-scale CSTR-BSR processes only operated for 
short periods before the BSR system failed. As such, the feasibility of the use of BSR technologies 
for use in the Sasol scenario was not verified beyond any reasonable doubt. Hence, the purpose of 
the present research study is to: 
i. Confirm the long-term feasibility of BSR as a treatment technology for the co-treatment of 
FTRW and CMD in a CSTR-BSR system;  
ii. Select an alternative BSR technology to that of the CSTR-BSR system that complies with 
circular economy ideals, and 
iii. Develop a prototype dynamic model that describes both BSR systems evaluated in this 
study. Also, implement this prototype model in the DHI WEST® software simulated platform 
and run simulations to evaluate the validity of the developed model .  
 
1.3.  Research Hypothesis 
It is hypothesized that the present study is the concretisation of the development of a prototype 
dynamic model for an environmentally sustainable integrated system that can be feasibly applied 
for the long-term co-treatment of high strength organic effluent, i.e. FTRW, and Coal mine drainage 
(CMD). This hypothesis foresees that the use of biological sulfate reduction (BSR) treatment 
technologies for the treatment of CMD, would be a more sustainable alternative to the Electro 
Dialysis Reversal (EDR) and RO processes currently used by Sasol Secunda Operations. The 
prototype model developed here-within will be used as a tool for the comparison of studies of the 
CSTR-BSR system, used in the study of Matimba et al. (2008), and the Gas-lift BSR technology, 
proposed as an alternative to the CSTR-BSR system used for the treatment of a mixture of CMD 
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and the recommended organically rich effluent source. The development of such a model will also 
help to evaluate the most economically suitable option of the compared system.  
1.4. Research Objectives 
The problem statement, and consequently also the hypothesis, of the present research study, 
combines various problems yet requires specific answers to meet the overall goal. As such, the aim 
of the current research is allocated to the individual tasks that have specific objectives, which are 
achieved by bench-scale and simulated (i.e. computer-generated) experimentations. Hence, the 
objectives are as listed below: 
 
i. It was observed during the Matimba et al. (2008) study, that the FTRW+CMW mixture fed 
to the CSTR-BSR reactor had a very low pH, between 3 and 4. This resulted in the CSTR-
BSR reactor failing on several occasions due to the pH dropping below 6 inside the reactor 
aqueous environment. In this study, we will raise the pH of the feed mixture to a pH range 
of around 6. Some initial studies were conducted to determine the pH of the actual mixture 
of CMD and FTRW for this study and it was determined that the pH range should be around 
6 (see Appendix B1 and B2). This research will study raising the pH of the feed mixture to 
a value between 5.8–6.2 using a sodium carbonate solution, which mimics the 
characteristics present in the actual CMD. However, given that the feed mixture is not in an 
equilibrium state, a pre-processor is produced to describe the dynamics of the feed mixture, 
which are due to CO2 loss occurring during the 24-hour batch feeding period; 
ii. Use bench-scale experimental systems to test the long-term feasibility of the use of BSR 
technologies in the co-treatment of FTRW and CMD as this hypothesis was not proved 
beyond any reasonable doubt in the study by Matimba et al. (2008). To achieve this 
objective, bench-scale CSTR-BSR systems are operated at various concentrations of feed 
mixtures (where the composition of the organic substrate feed mixture remains constant, 
but the overall COD concentrations are changed as the test variable). The CSTR-BSR unit 
is operated at state variables describe below, 
a.  Variations of the feed mixture COD concentrations as follows, 1250, 2500, 5000, 7500 
and 10000mgCOD/l and; 
b. Variation of the Hydraulic Retention Time (HRT) for the CSTR-BSR unit as follows, 2.5, 5, 
7.5, 10, 15 and 30 days. 
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iii. Determine whether at limited oxygen any sulfur-based products are produced via sulfide 
oxidation or sulfur oxidation, namely polysulfide (Sx2-) and elemental S (Sno). This is 
determined from the measurement of any of these products in the experimental BSR units. 
The reasoning behind this is because the studies by Poinapen et al. (2008) and Matimba et 
al. (2008) reported that a sulfur-based mass balance was not achieved within a 20% error 
range (i.e. the expected S balance was between 80–120%). The authors reported using the 
sulfur-based components, namely sulfate and Sulfide, to reach a mass balance. Poinapen 
et al. (2008) attributed the imbalance to experimental and measurement errors. However, 
after visual inspection of the disassembled CSTR unit used by Matimba et al. (2008), and 
from the study of the existing literature on the topic, it was concluded that sulfide oxidation 
occurred due to the presence of limited oxygen within the BSR system. Furthermore, there 
was evidence of the formation of metal sulfide compounds (MeS) on the corroded brass 




3Figure 1.2: Evidence of sulfide reactions in the BSR unit of Matimba et al. (2008). 
 
The present research study also intends to close the S-based compounds mass balance for 
the BSR systems used herein. Measurements are taken from the COD, Sulfate and Sulfide 
in the bench-scale CSTR-BSR unit. This is to ensure that the measured COD characteristic 
complies with mass and charge balances.  
 
Elemental S formation on reactor 
surface  
Metal Corrosion  
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iv. The CSTR-BSR system produces an effluent stream with high dissolved sulfide 
concentrations. This study aims to pursue the application of cleaner technologies that comply 
with the ideal of a circular economy. As such, the use of CSTR-BSR technologies does not 
fulfill the aims of this study but is used as a standard to compare to other technologies studies 
in this research. To achieve the aims of this study, Gas-lift Biological Sulfate Reduction (GL-
BSR) technologies are selected as an alternative to the CSTR system for the co-treatment of 
the synthetic CMD and FTRW mixture. This because the gas-lift technology is capable of 
removing H2S products from the reactor aqueous environment that results in an effluent that 
is less harmful to aquatic life and human and animal consumption. A bench-scale GL-BSR 
integrated system is operated in this research study. This GL-BSR integrated system consists 
of, 
a. a Gas-lift BSR unit fed CMD and FTRW that produce dissolved Sulfide as one of the 
products of SRB activity. The H2S is stripped from the GL-BSR unit, using CO2 (g) and N2 
(g) as a carrier gas to strip H2S out of solution and transported it out of the BSR unit. The 
reason for varying the carrier gas relates to the influent of each gas on the pH of the 
system. The selecting N2(gas) for stripping/carrier gas is because is gas in considered inert 
with regards to solubility in the aqueous medium and as such it would assist in stripping 
H2S out of solution resulting in the removal of a weak acid species from the system. This 
should result in this system operating at high pH values. Alternatively, Selecting CO2(gas) 
as then stripping/carrier gas would result in the replacement of one weak acid species 
with another because CO2 would dissolve in the aqueous medium. This should result in 
the operating pH of the BSR system at lower or similar pH ranges as would be the case 
for a CSTR system. The changes in operational pH if the BSR environment would be 
evaluated in this research.  
b. An H2S gas reactive absorption unit (ABS) containing a Fe3+ solution is coupled to the 
GL-BSR unit and receives the H2S gas. Here, the Fe3+ solution converts H2S to elemental 
S (S0) that is a stable solid compound that is environmentally friendly. During this process, 
Fe3+ is reduced to a ferrous (Fe2+) solution. However, the drawback of the production of 
large quantities of ferrous and residual Fe3+ mixture solution is the high acidity of this 
waste stream, which requires further treatment;  
c. a Fe2+ biological oxidation reactor is included in the configuration of the integrated 
system, to allow for ferric regeneration from ferrous and thus resulting in a ferrous-ferric 
closed loop. This follows the sustainability concept hypothesised for the present study. 
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The GL-BSR integrated system contributes towards the environmental sustainability and 
economic viability concept hypothesised for this research.   
The process flow diagram of the GL-BSR integrated system is presented in Figure 1.1 below:  
 
4Figure 1.1: Integrated system process description. 
 
v. It was hypothesized that one of the core objectives of this research study is the development 
of a prototype dynamic model that describes both BSR systems used in the treatment of 
FTRW and CMD. To achieve this objective, a Gujer matrix, describing these BSR systems, is 
developed, as follows: 
a. The measured datasets from the bench-scale experimental CSTR-BSR and GL-BSR 
integrated systems are evaluated for mass and charge balances. Mass balances are 
performed for COD, the sulfur-based components and iron. Mass continuity and change 
balances are one of the core requirements for the development of a Gujer matrix 
b. The relevant datasets are used to identify the stoichiometry of the reactions mediated by 
SRB activities, i.e. Acetate utilising SRB, Propionate utilising SRB, Butyrate utilising SRB 
and Valerate utilising SRB. Determine the rate equation describing the overall organic 
substrate utilisation from curve fitting using the effluent COD concentrations at changes 
in the feed substrate concentration and HRTs. Use the value for kinetic parameters of 
Valerate and Butyrate utilising SRB to estimate the kinetic parameters for propionate and 
acetate utilising SRB.  
c. Determine the influence of H2S products and the overall organic substrate inhibition on 
the substrate and sulfate utilisation rates of the CSTR-BSR and GL-BSR systems. 
Develop a singular prototype model that can describe these inhibition influences on the 
SRB activity of both BSR systems.  
d. Analysis of the experimental dataset from the CSTR-BSR system to determine whether 
Sulfide and elemental sulfur oxidation occur in this system as was observed for the 
Matimba et al. (2008) CSTR reactor. Develop model components that describe Sulfide 
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and elemental sulfur oxidation reactions that occur under limited oxygen presence in the 
experimental CSTR-BSR reactor aqueous phase.  
e. Use literature to develop a model component for the H2S gas reactive absorption process. 
f. Use literature and the experimental datasets from the bench-scale study to develop a 
model component for Leptospirillum ferriphilum sp. activity.  
vi. Varify the reaction stoichiometries included in the prototype model using the simulation 
software, namely DHI WEST ®. However, for the present study, the prototype model 
validation is limited to a 20% error margin on COD, S-compound and iron balances.  
vii. Finally, conduct an initial stage comparison of the BSR-GL integrated system and CSTR-BSR 
system to determine the superior technology for the co-treatment of coal-mine drainage and 
FTRW.  
1.5. Research Contributions 
This study aims to contribute to the pool of knowledge:  
i. A Gujer Matrix including the interdependent activities of, 1) sulfate reducing bacteria (SRB), 
2) sulfide oxidising bacteria (SOB), and 3) elemental sulfur oxidation bacteria (bS0) under 
limited dissolved oxygen conditions, within a CSTR-BSR system have not been done before. 
This Gujer Matrix also includes the processes of a Gas-lift BSR integrated system that 
incorporates sulfide stabilisation by the inclusion of an H2S-gas reactive absorption, where 
aqueous Fe3+ a reactant and Fe2+ the related product, and the regeneration of Fe3+ via a Fe2+ 
biological oxidation unit,   
 
ii. The development of a prototype dynamic model and implementation and simulation of this 
model to generate predicted results for both the CSTR-BSR and GL-BSR integrated systems 
has also not been explored before. 
 
iii. Development of a pre-processor model describing the dynamics of the synthetic FTRW and 
CMD mixture batches over 48-hour period is also novel.  
 
The above-mentioned contributions add to existing knowledge and can be further expanded on 
within the context of the scientific method, to identify the novel knowledge contributions and their 
position within the existing knowledge. The detailed expansion of the novel aspects of this work is 
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dealt with in the conclusions of the literature review (Chapter 2) to contextualise the novel 
contributions with the literature reviewed in the review chapter. 
 
1.6. Study Limitations and Boundaries  
1.6.1. The model describing the GL-BSR integrated and CSTR-BSR systems developed in the 
present research study is merely a prototype version. In this study, the goal is to conduct 
experimental studies of a bench scale CSTR-BSR, the control system, and GL-BSR 
integrated system, test system. The prototype model describing these systems: 
1.6.1.1. Includes the reaction stoichiometries verification, reaction rate equation selection and 
kinetic equation selection and preliminary parameter estimation for the zero-inhibition 
proxy trails runs of SRB, SOB, bS0 and Leptospirillum ferriphilum sp. activities. This is 
done using the datasets generated from the experimental rigs used in this study. 
1.6.1.2. Excludes the uncertainty analysis, using Monte-Carlo simulation, for the development 
of a probability density distribution of the model results (Ikumi et al., Submitted to Water 
SA for 2020). This was excluded from this study after consideration of that the scope of 
the current study fulfilment the requirements of the purpose of this thesis. Further work 
is recommended to perform uncertainty analysis of the prototype model developed in 
this study.   
1.6.1.3.  The prototype model developed in this research excludes a global sensitivity analysis 
(GSA) to identify the most sensitive parameters related to the model. A rigorous 
validation procedure for this prototype model is also excluded at this stage and 
recommended for further follow-up studies. Again, this is due to considerations related 
to the scope of this current study, which already exceeds the fulfilment of the 
requirements of the purpose of this thesis. However, to allow for the implementation 
and simulation of the model within the DHI WEST® software platform, some basic level 
of calibrations of the kinetic parameters are required. Subsequently, some rudimentary 
validation of the results generated from the prototype model is required to evaluate the 
estimated parameters used to calibrate the kinetic equations of the model. In doing so, 
merit is provided for the use of the results generated from the virtual experimentation in 
the comparison study of the two BSR systems. Furthermore, the running of simulations 
utilising the prototype model developed in this study, also allows for evaluation of the 
continuity of reaction stoichiometries related to the model.  
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1.6.2. A relative error of 20% are excepted for the rudimentary validation of the simulation results, 
generated from the DHI WEST® platform, compared to the selected independent dataset 
from the HRT = 7.5days experimental runs. The selection of uncertainty related to the 
parameters that guides simulation results are not well define in literature, but Brun et al. 
(2002) recommend 20% relative error for moderately known system parameters and 50% 
% relative error for poorly known system parameters. The maturity of knowledge relating to 
the experimental CSTR-BSR and BSR-GL integrated systems operated in this study could 
be considered moderate to poor. The results of this early stage prototype model are mainly 
for use in verification of the reactions stoichiometries to affirm continuity for the symbiotic 
relationships between microorganism and in-series coupled unit operations. And, finally to 
compare the two technologies studied here within. This error margin will be reduced via 
sensitivity and uncertainty analyses to be conducted in recommended further work towards 
journal publications. 
1.6.3. The prototype model developed in the present study is based on datasets obtained from the 
bench-scale experimental study of the CSTR-BSR and GL-BSR integrated systems. These 
bench-scale studies were conducted at the Centre of Bioprocess engineering (CeBER), 
Department of Chemical Engineering of the University of Cape Town.  
1.6.4. The bench-scale experimental GL-BSR integrated and CSTR-BSR systems are fed a 
synthetic mixture of FTRW and CMD mixture. The composition of the synthetic mixture does 
not exactly match the composition of FTRW but it contains all the primary components of 
FTRW. (The primary components of FTRW are selected as those representing the largest 
portions of FTRW and impacting on the dynamics of the bench-scale CSTR-BSR and GL-
BSR integrated system most significantly.)  
1.6.5. The BSR systems are supplemented with bromo-ethane-sulfonic acid (BESA) to inhibit 
methane-producing archaea, as reported by Oyekola et al. (2010). Gas from the headspace 
of the CSTR and GL BSR systems was collected and tested for Methane to determine MPA 
activity. No Methane was found in both systems, thereby confirming that only SRB used the 
VFAs fed to the BSR systems.  
1.6.6. The use of a low-cost carbon source, namely FTRW at SSO, represents a limitation of the 
present research study. This is given that it does not consider the case where a costly source 
of carbon is available and, hence, the use of that carbon source can become uneconomical. 
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1.6.7. The reactions stoichiometries included in the present study are related to those observed in 
the bench-scale experimental CSTR-BSR and GL-BSR systems.  
1.6.8. The model developed in the present research is only valid for the range of datasets used to 
validate the prototype model. The feed substrate COD concentrations used in these systems 
range between 1250–10000 mgCOD/l, and for the GL-BSR system it ranges between 2500–
10000 mgCOD/l. The sulfate concentration range for all the systems in the current study 
can be calculated from the COD:SO42- mass ratio of 0.70, i.e. 1680 mgSO42-/l for a COD 
concentration of 1250 mgCOD/l. Run simulations with feed less than 1250 mgCOD/l are 
based on assumed values.  
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Chapter One : Introduction  
1. Presentation of background of coal mine effluent and high strength FTRW; 
2. Statement of research problems;  
3. Declaration of hypothesis; 
4. Formulation and declaration of research objectives; 
5. Declaration of novel contributions;  
6. Statement of limitations and boundaries including recommendations for further 
research. 
Chapter Two : State of the art 
1. Review of previous similar research; 
a. Formation of coal mine drainage, and presentation of current 
management practices and treatment technologies; 
b. Production of FTRW and presentation of current treatment 
technologies;  
2. Review of biological sulfate reduction (BSR); 
3. Review of sulfide and elemental S oxidation under limited oxygen conditions 
in a BSR environment; 
4. Review of 3-phase physico-chemical systems and chemical transport;  
5. Review of sulfide reactive absorption and formation of S0; 
6. Review of Fe2+ biological oxidation.  
7. Review of wastewater treatment modelling and simulation 
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Chapter Three : Material and methods 
1. Preparation of FTRW+CMD feed mxture; 
2. Presentation of process flow diagram of bench-scale CSTR-BSR and BSR GL 
systems; 
3. Description of sampling points, schedule and analytical methods used; 
4. Presentation of virtual experimental study and tools used. 
5. The approach to be used listed in 3 work packages (WP) 
6. The research methodology applied within the present study. 
Chapter Four : Feed conditioning and pre-processor 
1. Presentation of composition and characteristics of FTRW and coal mine CMD as 
described in literature; 
2. Preparation of synthetic feed mixture; 
3. Identification of feed mixture dynamics;  
4. Description of pre-processor Gujer Matrix. 
Chapter Five : Reaction stoichiometry of CSTR-BSR and BSR GL systems 
1. Description of reaction stoichiometries for SRB, SOB, bS0 and Leptospirillum 
ferriphilum sp. Activities; 
2. Execution of mass and charge balances of reaction stoichiomtries; 
3. Description of aqueous weak acid-base chemistry of BSR units;  
4. Development of Gujer Matrix stoichiometry for CSTR-BSR and integrated BSR-
GL systems. 
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Chapter Six : Reaction rates and kinetic parameters of BSR systems 
1. Derivation of fitting rate equation and estimation of kinetic parameters for 
activity of COD-fed SRB; 
2. Determination of inhibition rate equations for substrate and H2S product; 
3. Derivation of fitting rate equation, estimation of kinetic parameters for SOB 
activity and development of inhibition rate equations; 
4. Derivation of fitting rate equations, estimation of kinetic parameters for S 
oxidation activity of bacteria; 
5. Derivation of fitting rate equation, estimation of kinetic parameters for 
Leptospirillum ferriphilum sp activity and development of inhibition rate 
equations; 
6. Presentation of Gujer Matrix of CSTR-BSR and BSR-GL systems prototype 
model . 
Chapter Seven : Results and Disscussion of simulation results  
1. Evaluation of DHI WEST® simulation results error of SRB, SOB, bS0 and Fe2+ 
oxidation bacteria; 
2. Comparison of CSTR-BSR and BSR-GL integrated systems. 
Chapter Eight : Conclusions and recommendations  
1. Presentation of conclusions from CSTR-BSR and BSR-GL systems modelling and 
simulations; 
2. Presentation of recommendations for future work on BSR prototype model. 
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CHAPTER TWO: 
STATE OF THE ART 
2.1. Introduction 
The aim of the present research is the development of a prototype model describing the biological 
treatment of Coal mine drainage (CMD) and a high strength simple-organic effluent, i.e. Fischer-
Tropsch Reaction Water (FTRW). Both CMD and FTRW are wastewater streams from the Sasol 
Synfuels process where coal is used as the primary process feedstock to produce fuels and other 
petrochemical products. The present study uses biological sulfate reduction (BSR) technologies for 
the treatment of the high sulfate concentrate CMD using FTRW as the carbon source and electron 
donor and in so doing allowing the co-treatment of these two wastewater streams.  
 
The present study approaches this BSR treatment project by 1) the operation of two bench-scale 
experimental studies using a i) CSTR-BSR system and ii) GL-BSR integrated system and 2) the 
development of a prototype model describing both these systems using various simulation software, 
i.e. MATLAB® Curve Fitting Toolbox and DHI WEST®. The dissolved hydrogen sulfide (H2S) 
product from the BSR processes is toxic for aquatic life and human health and, thus, cannot be 
expelled to any surface or groundwater bodies. The GL-BSR integrated system provides further 
treatment for the dissolved H2S to the stable elemental S form. The BSR Gas-lift integrated system 
was extended to recover of elemental S (S80) as a final by-product of an integrated process. This 
integrated process uses a ferric (Fe3+) solution to oxidise H2S to S80 in an iron reduction process 
producing Fe2+. 
 
The literature reviewed and reported within the current chapter covers a variety of topics that 
includes 
i. CMD formation, management and treatment, 
ii. Biological Sulfate Reduction including FTRW production, 
iii. Sulfide oxidation under limited oxygen conditions, 
iv. Physico-chemical Reactions, 
v. Sulfide gas reactive absorption, 
vi. Ferrous Biological Oxidation and, 
vii. Wastewater Treatment Modelling and Simulation. 
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An overall process flow diagram presenting the major topics of the present study is shown in Figure 
2A. 
 
5Figure 2.1: Major Topics of the current research study and to flow of ideas 
 
The integrated system considered within the present study resembles that reported by Maree et al. 
(2004) in terms of configuration as both these integrated systems include 1) a BSR Gas-lift unit and, 
2) an H2S gas reactive absorption unit using an aqueous Fe3+ solution for elemental S recovery and 
3) an aqueous Fe2+ electro-oxidation unit for Fe3+ recovery.  
 
2.2. CMD Formation, Management and Treatment 
One of the core goals of the present study is to research the treatment of CMD using the proposed 
integrated system that includes a biological treatment step. However, before looking at the 
treatment of the CMD to be treated, it is important to understand how this mine water is produced 
within nature and what the characteristics of the considered CMD are. Also, as the CMD is collected 
from multiple sources and treated at one central treatment operation another essential factor to 
consider in this section is the management of this CMD at its sources and at that found in the 
equalisation basin before treatment.  
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2.2.1. CMD Formation and character 
The formation process of Coal mine drainage/drainage is generally similar for all sites, but the 
specific characteristics of the mine water are site-specific and reflect the geochemical properties of 
the host rock being mined. The dominating compounds within mine water are sulfate (SO42-) and 
metals, e.g. commonly iron (Fe), zinc (Zn), copper (Cu) and some metals. The sulfate content of 
mine water can be assigned to the oxidation of sulfide minerals present within the host rock. Gurung 
(2001) reported that the most common sulfur-based minerals found at most mine sites are pyrite 
(FeS2) and pyrrhotite (FeS), but some sites have minerals like sphalerite (ZnS), chalcopyrite 
(CuFeS2), arsenopyrite (FeAsS) and galena (PbS). Furthermore, Stock and Chatterjee (1993) and 
Johnson and Hallberg (2005) reported that coal deposits commonly contain 4% to 12 % organic S 
content in addition to the ‘’pyritic’’ sulfide. This organic S can be accredited to the plant material 
making up the original peat (Calkins, 1993). 
 
Most literature uses pyrite (FeS2) to describe the formation process of mine water (Cravotta III et 
al., 1999). Akcil and Koldas (2006) described the primary ingredients for the formation of acid mine 
drainage (AMD), 1) the presence of sulfide-based mineral strata at the formation site, i.e. open-pit 
or underground mining, mining tailing and ore heaps; 2) the presence of water or a moisture 
atmosphere and 3) an oxidant, i.e. commonly dissolved oxygen within the aqueous medium from 
the atmosphere. The study also reported that the rate of acidic water generation is accelerated by 
sulphide oxidising bacteria (SOB), chemolithotrophic bacteria like Thiobacillus Ferroxidans 
(Scharer et al., 1995).  
 
The reaction of pyrite (FeS2) and dissolved oxygen (DO) in an aqueous medium produce a highly 
acid liquor containing iron, in the form ferrous (Fe2+) and SO42- in the sulfide oxidation reaction as 





𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 →  𝐹𝐹𝐹𝐹2+ +2 𝑆𝑆𝑂𝑂42− + 2𝐻𝐻+      (E2.2.1a) 
 
The reaction within this aqueous medium continues with the oxidation of ferrous (Fe2+) to produce 




𝑂𝑂2 + 𝐻𝐻+ →  𝐹𝐹𝐹𝐹3+ +
1
2
𝐻𝐻2𝑂𝑂       (E2.2.1b) 
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Acid Mine Drainage (AMD) is a typical effluent from gold mining operations but also sometimes 
found at coal mining operations (Scharer et al., 1995; Gurung, 2001; Taylor et al., 2005; Johnson 
and Hallberg, 2005). Coal deposits found at mining sites with high abundance of pyrite (FeS2) only, 
commonly produce mine water that is highly acidic with pHs ranging from 2.5 to 4 (Cravotta et al., 
1999).  
 
Various studies including those by Liu et al. (1991) and Cravotta et al. (1999) reported that it was 
found that the geochemical composition of the strata at coal mining sites commonly contains other 
strata with FeS2. Coal deposits are frequently mined from sites that contain calcareous minerals, 
i.e. calcite/limestone (CaCO3) and dolomite (Ca Mg(CO3)2) present with FeS2 in the strata with the 
coal deposits. The presence of calcareous minerals within the acidic mine water formed from the 
pyrite strata causes a reaction that produces inorganic carbon species, i.e. dissolved carbon dioxide 
(H2CO3*) and bicarbonate (HCO3-), in solution (Cravotta et al., 1999). These equilibrium reactions 
are shown by equations E2.2.1.c & d;  
 
𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3(𝑠𝑠) + 2𝐻𝐻+ ↔  𝐶𝐶𝐶𝐶2+ +𝐻𝐻2𝐶𝐶𝑂𝑂3∗       (E2.2.1.c) 
𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3(𝑠𝑠) + 𝐻𝐻2𝐶𝐶𝑂𝑂3∗ ↔  𝐶𝐶𝐶𝐶2+ + 2𝐻𝐻𝐶𝐶𝑂𝑂3−      (E2.2.1.d) 
 
This inorganic carbonate has a pH neutralising effect on the AMD with pH ranging from 5 to 8 (Lui 
et al., 1991). The raised pH of the AMD from the neutralising effects of the presence of calcareous 
minerals results in the formation of various heavy metal precipitates like ferric hydroxide , namely 
Fe(OH)3, gypsum (CaSO4∙2H2O),.(Taylor et al., 2005). These chemical precipitant formations are 
discussed in more detail in the next section dealing with the chemical treatment process.  
 
The effluent from various coal mine operations contains a variety of anions, e.g. SO42-, HCO3- and 
cations, e.g. Fe2+, Fe3+, Ca2+, Mg2+, species in solution due to the formation reactions of the acid 
mine drainage from the sulfide strata, e.g. FeS2, and the neutralising reactions from the calcareous 
strata (Cravotta et al., 1999). Sulfate is the dominant dissolved compound in mine water based on 
a review of various studies of mine water with concentrations ranging between 557 mgSO42-/l 
(Gurung, 2001) and 6600 mgSO42-/l (Christensen et al., 1996). The study by Nieuwenhuis et al. 
(2000) reported the average sulfate concentration at the holding dam, before treatment, of Sasol 
Secunda mining operations to be 3300+/-850 mgSO42-/l. A summary of some of the characteristics 
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of the mine water from different coalfields where natural acid neutralisation has occurred is 
presented in Table 2.2.1.a. 
1Table 2.2.1.a: Characteristics of coal-mine drainage based on site 
 
 
The CMD characteristics presented in Table 2.2.1A for the South African operations are all from 
the Highveld Coalfields and the characteristics presented for the different samples do not vary 
significantly from one another. This shows that the characteristics of the mine water treated at Sasol 
Secunda are similar to those of other coal mining operations in the Highveld area.  
 
2.2.2. CMD management and treatment technologies 
The treatment of mine water-primarily relates to the transformation of S compounds which can exist 
in a broad range of oxidation states from an ionic form of -2 (completely reduced state) to +6 
(completely oxidised state) and can be transformed via chemical or electro-chemical or biological 
means (Muyzer and Stams, 2008). The primary aims of mine water treatment are 1) neutralisation 
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of acidic mine water drainage and 2) removal of heavy metals and sulfate (Brown et al., 2002). This 
section looks at the treatment of mine water, which predominately contains S compounds in the 
sulfate or sulfide forms, using a physical treatment, chemical treatment, biological treatment or a 
combination of any of the previously specified treatment methods (Taylor et al., 2005). The 
treatment of mine water can be categorised into two groups, i.e. passive and active treatment 
technologies. The selection of the type of treatment, e.g. Active or Passive treatment, is based on 
factors, namely the pH, flowrate, acidity and acidity loading of the mine water effluent. These 
treatment methods are described in more detail within the subsequent Sections 2.2.2.2 (Passive) 
and 2.2.2.3 (Active).  
 
2.2.2.1. CMD Management Plans  
The CMD management plans relating to the collection, storage and treatment of mine water for 
reuse or discharge to the environment (Van Zyl et al., 2001). The collection process is a requirement 
in currently operating mines to pump water out of the mine shafts and pits that will otherwise harm 
normal operation at the mining site. This collection and storage of mine water also reduce the risks 
associated with the discharge of saline water to ground and surface water streams. Furthermore, 
the storage of mine water in holding dams assists as an equalisation basin for the mine water 
treatment operation or the controlled release of mine water into waterways (McCarthy and Pretorius, 
2009). Examples for the reuse of treated mine water are the use of this water in industrial 
applications, potable water in urban areas, irrigation and other uses.  
 
2.2.2.2. Passive Treatment Technologies 
The use of passive treatment methods for the treatment of mine water is fitting for conditions where 
low acidity (<800 mg/l as CaCO3), low acidity loading (<100-500 kg/d as CaCO3) and low flowrates 
(<50l/s) exist (Johnson and Hallberg, 2005 and Taylor et al., 2005). Hedin et al. (1994) reported 
that passive treatment methods are commonly based on pH control or adjustment to neutralise acid 
mine drainage (AMD) to within a pH range of 6 to 8. This water neutralising effect is frequently 
achieved using carbonate-containing minerals, namely calcareous rocks, e.g. Calcite (CaCO3), 
Dolomite (CaMg(CO3)2), Hydrated Lime (Ca(OH)2), Ankerite (Ca(Fe/Mg)(CO3)2). These mineral 
rocks are commonly found in passive treatment systems, namely Open/Oxic Limestone Drains, 
Anoxic Limestone Drains, Limestone Wells and Pyrolusite® Limestone Beds (Taylor et al., 2005). 
Other passive treatment methods that are also commonly used for the treatment of mine water is 
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passive biological treatment methods, namely anaerobic wetlands (Johnson and Hallberg, 2005) 
and evaporation dams (McCarthy and Pretorius, 2009).  
 
Passive treatment methods are commonly used at abandoned mining operations. It is economically 
less cost-intensive than active treatment systems, but it has limited flexibility to deal with variations 
in acidic loads and flows. However, as the topic of this thesis is based on active treatment methods, 
no further emphasis is placed on passive treatment methods.  
 
2.2.2.3. Active Treatment Technologies 
In contrast to passive treatment systems, active treatment systems are more flexible in 
accommodating a more extensive range of flow rates, acidity and acidity loads and pH ranges and 
can be engineered to treat a variety of different components within mine water effluent (Taylor et 
al., 2005). Active treatment systems are standard at operating mine sites but also at in some cases 
at abandoned mining operations where changes in the mine water characteristics cannot be dealt 
with using passive treatment methods. The discharge of this mine water of variable quality, outside 
the legally allowed specifications, holds high risks for the environment and life where it contaminates 
water sources. However, the capital and operational cost of active treatment methods are frequently 
much higher than those of passive treatment methods (Hedin et al., 1994). Taylor et al. (2005) 
reported that active treatment technologies can be classified into three key processes which are 1) 
chemical processes, 2) physical processes and 3) biological processes. More details on the 
different processes are described in the subsequent sections. 
 
2.2.2.3.1. Physical Treatment Technologies 
Physical treatment methods for the treatment of mine water relates to the physical separation 
methods of cations and anions from mine water with the resulting purified water as one of the 
products of the treatment process. Examples of such physical treatment methods applied for the 
treatment of mine water are technologies like Membrane filtration, e.g. Revise Osmosis (RO) and 
Nanofiltration (NF), Electro-dialysis and Ion Exchange (Hedin et al., 1994, Brown et al., 2002 and 
Taylor et al., 2005). Sasol Secunda Operations (SSO) in-line with its water policy acknowledges 
responsibility for the treatment of all water sources within its sphere of influence and as such treats 
its mine water and ash water for use as the feed water to its boiler processes (Nieuwenhuis et al., 
2000, Jacobs and Pulles, 2007). SSO uses a treatment process that integrates 1) chemical 
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flocculation and coagulation with sand filtration, 2) electrodialysis reversal (EDR) followed by 3) a 
polishing step this uses RO membrane technology. 
 
Electrodialysis (ED) and Electrodialysis reversal (EDR) are electrochemical separation processes 
in which ions are transferred through ion exchange membranes by means of direct current (DC) 
voltage (Bowell, 2004; Valero et al., 2011). ED is presented in Figure 2.2.2.3.a;  
 
6Figure 2.2.2.3.a Valero et al. (2011) showed the diagram representing the principle of ED 
 
In the case of EDR the electrode polarity of the DC charge of the membranes is reversed at set 
time intervals to remove the elemental build-up on the membranes and as such clean the 
membranes (Bowell, 2004). EDR processes have been applied economically and reliably within the 
past 20 to 30 years as a desalination process for application of water treatment in domestic and 
industrial water reuse context (Valero et al., 2011). Bowell (2004) also noted that the advantage of 
EDR over RO methods is that this process is not sensitive to pH and temperature variations within 
the mine water being treated. The treated effluent quality after EDR treatment at SSO was reported 
for the dominated ions as [SO42+] < 1200 mg/l, [Ca2+] < 50 mg/l, [Na+] < 500 mg/l and [Cl+] < 200 
mg/l where Table 2.2.1.A refers to the influent reference (Nieuwenhuis et al., 2000). The 
concentrated brine from this EDR/RO process requires further treatment which is achieved via a 
crystallisation/evaporation process (Osman et al., 2010) 
 
The use of membranes in water and wastewater treatment is a separation process that allows 
selective materials to pass through based on particle size, i.e. perm-selective (Judd et al., 2008). 
Membranes are classified based on the pore size, e.g. from largest to smallest pore size, i.e. 
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microfiltration (MF) > ultrafiltration (UF) > Nanofiltration (NF) > RO (Younos and Tulou, 2005). As 
the requirement for mine water treatment is mostly desalination, the removal of heavy metal and 
other anions, e.g. sulfates, reverse osmosis is the most commonly used membrane process for the 
treatment of mine water. The product from the membrane filtering process permeates and the waste 
effluent from the process is the concentrated brine. Further treatment of the EDR effluent using RO 
membrane treatment process results in a permeate quality reported to be [SO42+] < 100 mg/l, [Ca2+] 
< 10 mg/l, [Na+] < 50 mg/l and [Cl+] < 50 mg/l (Nieuwenhuis et al., 2000). The brine from the RO 
process, at total dissolved solids (TDS) of 26100 mg/l (Osman et al., 2010), is recycled back to the 
upstream EDR process.  
 
Another commonly applied physical treatment method for mine water desalination is Ion Exchange 
processes, which is frequently used in the further treatment of neutralised gold mine AMD (Gaikwad 
et al., 2010). The neutralised AMD is treated by passing it through an ion-exchange resin bed that 
was designed to be selective for specific cations or anions from the mine water stream.  
 
2.2.2.3.2. Chemical Treatment Methods and Technologies 
Chemical treatment methods, namely flocculation and coagulation, are the oldest and most 
commonly applied in water treatment technology. This treatment method relates to the 
neutralisation process for AMD that also have the associated precipitation of metals from the mine 
water by the addition of pH adjustment using chemicals, namely hydrated lime (Ca(OH)2), Quicklime 
(CaO), Calcium Carbonate (CaCO3), Caustic Soda (NaOH), Soda Ash (Na2CO3) among others 
(Maree and Du Plessis, 1994; Matlock et al., 2002; Taylor et al., 2005; Akcil and Koldas, 2006; 
Macingova and Luptakova, 2012). This is followed by the removal of the precipitant flocs formed 
during the flocculation and coagulation process commonly using settling clarifiers or filters, e.g. 
sand-filters, plate and frame filters. 
 
Another commonly used Physico-chemical treatment method for mineral and sulfate removal or 
separation from acid mine drainage and other industrial brine effluents is crystallisation (Randall et 
al., 2010). Crystallisation and precipitation is a solid-liquid separation method used within the food, 
pharmaceuticals, polymer and other manufacturing industries. The formation of a crystal is subject 
to the phase equilibria or solubility of the components of a specific molecule/precipitant within a 
solvent, namely water (Jones, 2002). Jones (2002) noted that all industrial crystalliser employs one 
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or more methods for generating supersaturation conditions, e.g. 1) cooling or 2) evaporation or 
both.  
 
2.2.2.3.3. Biological Treatment Technologies 
The biological treatment of mine drainage primarily considers the reduction of sulfate under 
anaerobic conditions to produce sulfide during BSR (Boswell, 2004). The sulfide product from the 
BSR of mine water would further react with dissolved metal ions, e.g. Fe2+, Fe 3+, Cu2+ and Zn2+ 
present in the mine water to form metal-sulfide precipitants within the BSR environment (Van Hille 
et al. 2004). These metal sulfide precipitants settle inside a BSR reactor and can be removed using 
clarification or filtration unit operations. BSR is a process mediated by microorganisms called sulfate 
reduction bacteria (SRB), which are obligate anaerobes and uses sulfate as its terminal electron 
acceptor during respiration. The BSR process can only occur in the presence of a carbon source 
and an electron donor (Postgate, 1965). BSR processes require economically viable electron 
donors and carbon sources, which in most cases, relates waste organic matter. BSR unit operations 
are frequently used in an integrated system configuration that combines physical or chemical 
treatment methods with the BSR technology to achieve an economically viable and environmentally 
sustainable mine water treatment system. Examples of such integrated mine water treatment 
technologies are systems like the CSIRosure®, Thiopaq ®, Biosure®, and other systems (Wang et 
al., 2009). BSR processes are discussed in more detail in the subsequent sections of the current 
chapter given that of it’s principal relevance to the present study. 
 
2.2.2.3.4. Integrated Treatment Technologies 
THIOPAQ ® technology is a high-rate H2S scrubbing system that integrates with anaerobic 
digestion system that includes SRB activities  for the treatment of sulfate, sulfide, thiosulfate and 
poly-sulfide and is mostly applied in petrochemical, mining and metallurgical processes (van Lier et 
al., 1999; Cline et al., 2003). Biological sulfide reduction and sulfide oxidation are the core 
processes used within the THIOPAQ® system. THIOPAQ® is a commercial brand owned and 
designed by Paques Technology B.V., Netherlands.  
 
Rhodes Biosure® process is a BSR process using sewage sludge at the carbon source and electron 
donor (Rose et al., 2004). This process was developed at the Environmental Biotechnology 
Research Unit at Rhodes University, Grahamstown, South Africa. This process primarily consists 
of a BSR recycle sludge bed reactor fed mine water and sewage sludge integrated into a pond 
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system for sulfide oxidation and final treatment of the effluent stream from the BSR process. This 
is a co-treatment process used for the treatment of both mine water and sewage sludge. At 
commercial application of the BioSure technologies is currently being operated at the ERWAT 
Ancor Works in Springs, South Africa (Neba et al., 2007)  
 
The CSIRosure ® process is an integrated biological system that primarily consists of 1) a BSR-
CSTR reactor, 2) a CO2 stripping gas unit, 3) H2S absorption unit using a Fe3+ solution as electron 
donor to produce elemental S from sulfide, 4) electro-oxidation unit to oxidise Fe2+ to Fe3+ and an 
aerated final polishing step for the effluent after H2S stripping (Maree et al., 2004). The process flow 
diagram for the CSIRosure ® process is shown in Figure 2.2.2.3.b below.  
 
7Figure 2.2.2.3.b: CSIRosure ® process diagram from Maree et al. (2004) 
 
Maree et al. (2004) reported the feed to the process as being neutralised acid mine drainage with 
Ethanol as the electron donor and carbon source to the bio-reaction. A COD:N:P ratio of 1000:7:2 
was reported at a COD:SO42- mass ratio of 0.67. The sulfate removal efficiency was above 80% for 
the period reported. The CSIRosure ® process is based on the research by Maree and Hill (1989), 
where the ferrous oxidation was achieved via a biological reaction mediated by Thiobacillus 
thiooxdans. This process is similar to the integrated system proposed within the present research 
with differences in the BSR reactor type and the overall reaction stoichiometry considered for the 
BSR reactor. The CSIRosure requires further evaluation on a pilot plant scale before it would be 
able to develop into a commercial technology (Van Niekerk, 2002). 
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2.3. Biological Sulfate Reduction  
BSR plays a key environmental sustainability role in the natural S cycle transforming sulfate (SO42-
) to sulfide (S2-) (Robertson and Kuenen, 1992). Essential topics in BSR systems are substrate that 
acts as electron donors where sulfate is the electron acceptor, the reaction stoichiometry and 
substrate and product growth and reaction rate inhibition. These topics are discussed in this section.  
 
2.3.1. Microbiology 
The genera responsible for mediating biological sulfate reduction processes are dissimilatory (or 
respiratory) sulfate-reducing bacteria (SRB) and archaea, namely SRB for the present study. The 
SRB are obligate anaerobes and uses sulfate the terminal electron acceptor for their respiration, 
which occurs in the presence of a carbon source and electron donor (Postgate, 1965). 
 
SRB can be categorised into primary two groups, namely heterotrophic and autotrophic. 
Heterotrophic SRB utilises organic matter (biodegradable organics) as carbon source and an 
electron donor (Liamleam and Annachhatre, 2007) while autotrophic SRB uses inorganic carbon 
oxide (CO/CO2) as carbon source and hydrogen (H2) as e- - donor (Van Houten et al., 1995b). 
These microorganisms can further be sub-divided into two groups that is firstly those that degrade 
organic compounds to acetate, namely incomplete oxidisers, and those that degrade organic 
compounds to carbon dioxide, namely complete oxidisers (Muyzer and Stams, 2008). Greben et al. 
(2001) reported that to date, ten genera of SRB are recognised and can be categorised in two broad 
physiological groups. The first group reduces SO42- to H2S mediated by Desulfovibrio, 
Desulfomonas, Desulfotomaculum and Desulfobulbus using organics, namely lactate, pyruvate and 
other VFAs producing intermediate substrates, namely acetate and propionate (incomplete 
oxidisers). Secondly, SO42- is reduced to S2- via the oxidation of VFAs, particularly acetate (Ac-), by 
Desulfobacter, Desulfococcus, Desulfoarcina and Desulfonema to produce CO2 and water 
(complete oxidisers). Desulfovibrio valgaris has been reported to use hydrogen as an electron donor 
(Weijma et al., 2002). Suzuki et al., (2010) reported that Desulfovibrio butyratiphilus sp. (strain BSY) 
was not only a butyrate oxidiser but can also oxidise other short-chain fatty acids, e.g. propionate, 
valerate, 2-methylbutyrate and lactate. Widdel et al. (1988) reported the activity of two sets of SBRs 
including Desulfobacter, Desulfococcus, Desulfosarcina, Desulfonema and Desulfobacterium 
(complete oxidisers) and Desulfotomaculum and Desulfovibrio (incomplete oxidisers) in the 
treatment of glucose, lactate, propionate, acetate and hydrogen (Hao et al., 2014).  
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Various studies into sulfate reduction reported sulfate as an unfavourable electron acceptor for 
microorganisms due to the low redox coupling of sulfate-sulfide at a E0 = -516mV (Peck, 1962; 
Postgate 1965; Gavel et al., 1998, Leustek et al., 2000; Shen and Buick, 2004 and Muyzer and 
Stams, 2008). Postgate (1965) and Shen and Buick (2004) described the most commonly used 
hypothesis for the intracellular metabolic pathway and regulation of S metabolism, which is the 
respiratory sulfate reduction by SRB to produce sulfide used by many research studies. This is 
shown in Figures 2.3.1.a (diagram of transport inside and outside the cell) and 2.3.1.b (chemical 
transformation process) 
 




9Figure 2.3.1.b: Leustek et al. (2000) presented this diagram of the sulfurylase-reductase process 
 
Shen and Buick (2004) further reported that sulfate first has to be activated by an ATP sulfurylase 
process and this process is common for both assimilatory and dissimilatory reduction resulting in 
the formation of adenosine 5’-phosphosulfate (APS). Gavel et al. (1998) studied the genus 
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Desulfovibrio and describe the enzyme catalysis of sulfate by adenosine triphosphate (ATP) to APS 
and inorganic pyrophosphate (PPi). This process is shown in Figure 2.3.1.c. 
 
10Figure 2.3.1.c: Shen and Buick (2004) presented this diagram of the sulfurylase process 
 




�⎯⎯� 𝐴𝐴𝐴𝐴𝑆𝑆 + 𝐴𝐴𝐴𝐴𝑖𝑖        (E2.3.1a) 
 
The sulfurylase step is followed by the hydrolysis of inorganic pyrophosphate (PPi) as shown in 




�⎯⎯� 2𝐴𝐴𝑖𝑖         (E2.3.1b) 
 
Peck (1973) describes the metabolic pathway for enzyme catalysis of dissimilatory sulfate by APS 
reductase in reversible oxidation-reduction reactions. Firstly, APS is reduced via a process called 
APS reductase to produce adenosine monophosphate (AMP) (Postgate, 1965) and hydrogen 
sulphite (HSO3-) (Shen and Buick, 2004) as described on equation E2.3.1c (Peak, 1973); 
 
𝐴𝐴𝐴𝐴𝑆𝑆 + 𝐻𝐻+ + 2𝐹𝐹− → 𝐴𝐴𝐴𝐴𝐴𝐴 + 𝐻𝐻𝑆𝑆𝑂𝑂3−       (E2.3.1c) 
 
Further, Peck (1973) and Shen and Buick (2004) reported the reductase process for bisulphite 
(E2.3.1d), tri-thionate (E2.3.1e) and Thiosulfate (E2.3.1f) to produce sulfide as described by 
Equations E2.3.1d to f; 
 
𝐻𝐻𝑆𝑆𝑂𝑂3− + 3𝐻𝐻+ + 2𝐹𝐹− → 𝑆𝑆3𝑂𝑂62− + 3𝐻𝐻2𝑂𝑂       (E2.3.1d) 
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𝐴𝐴𝐴𝐴𝑆𝑆 + 𝐻𝐻+ + 2𝐹𝐹− → 𝐴𝐴𝐴𝐴𝐴𝐴 + 𝐻𝐻𝑆𝑆𝑂𝑂3−       (E2.3.1e) 
 
This dissimilarity sulfate reduction pathway is shown in Figure 2.3.1D; 
 
11Figure 2.3.1.d: Shen and Buick (2004) diagram for dissimilarity sulfate reduction pathway 
 
The key elements for microorganism growth that includes bacteria and archaea are Carbon (C), 
Hydrogen (H), Oxygen (O) and Nitrogen (N). Additionally, the growth of SRB is supported by 
nutrient requirements, namely Phosphorus and trace metal like Na+, Mg2+, Ca2+ are required. In the 
case of SBR sulfur-based compounds like sulfate, thiosulfate is essential components in the 
metabolic processes taking place within the SRB cells (Postgate, 1965). Magnesium (Mg2+) 
functions as a stabiliser for ribosomes, membranes and nucleic acids within cells and is also 
required for the activity of many enzymes (Martinko et al., 2012). Martinko et al. (2012) reviewed 
nutrient requirements from various studies and concluded that one of the major trace metals 
required for growth being iron (Fe in the forms Fe2+ and Fe3+) which plays a significant role in cellular 
respiration, the iron-S protein involved in electron transport and a key component of cytochromes. 
Postgate (1965) reported that limitation in iron metal nutrient supply, due to precipitation as ferric 
sulfide (FeS2) within the BSR environment due to the sulfide product formation, resulted in a slow 
the growth of SRB. Postgate (1965) proposed an iron concentration of 10 to 15 µg/l as a nutrient 
source. Yeast extract is a nutrient source for most of the required trace metals and nutrients 
requirements in SRB studies (Postgate, 1965; Ren et al., 2007; Stam et al., 2009) 
 
The nutrient requirement for SBRs in terms of COD: N: P ratio, where COD of a source of C, O and 
H from an organic source, namely VFAs, was reported as 400:5:1 (Dries et al., 1998), 1000:7:2 
(Maree et al., 2004) and 500:5:1 (Ren et al., 2007). Li et al. (1995) reported that COD:SO42- 
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influences the biomass growth of the influent COD. Ren et al. (2007) also reported that at 
COD:SO42- mass ratio of 0.667. The mixed liquor volatile suspended solid (MLVSS), which for the 
study assumed that the MLVSS is only related to the attached biomass growth; made up between 
3-5% of the reactor COD and at the lowest COD:SO42- mass ratio of 0.75 increased to about 10% 
of the reactor feed COD.  
 
The low redox potential within the anaerobic environment suitable for SRB activity is also suitable 
for an array of other anaerobic bacteria and archaea, namely fermentative bacteria, Acetogens (AB) 
and methane-producing archaea (MPAs) (Muyzer and Stams, 2008). As such, competition between 
SRB and other obligate anaerobes have commonly been reported in BSR studies, where short-
chain fatty acids or volatile fatty acid (VFAs), up to carbon chain length four were used as substrate. 
This is common for UASB reactors operating at solid retention times (SRT) of less than 250 days, 
even at excess influent SO42- ratios (Visser et al. 1993; Omil et al. 1996). Oyekola et al. (2010) 
reported the addition of Bromo-ethane-sulfonic-acid (BESA) during the BSR enrichment stage to 
inhibit MPA activity. This produced AD cultures with limited or excluded MPAs activity for ADs fed 
lactate even at excess SO42- conditions. 
 
2.3.2. BSR substrates and reaction stoichiometry 
SRB use sulfate (SO42-) as an electron (e-) acceptor under the appropriate reduction potential (E0) 
conditions and in the absence of more favourable electron acceptor such at oxygen (O2) and nitrate 
(NO3-). As previously stated in the section on SRB this sulfate reduction occurs in the presence of 
a carbons source and electron donor which can be a biodegradable organic source or (CO/CO2) as 
carbon source and hydrogen (H2) as e- - donor (Van Houten et al., 1995b). The choice of a substrate 
in a BSR process is commonly driven by the economics of the supply of such a substrate.  
 
Liamleam and Annachhatre (2007) reviewed various studies that reported the use of organic 
substrates in biological sulfate reduction operation, namely methanol, ethanol, molasses, lactate, 
acetate, propionate and butyrate and complex organics, namely sewage sludge. Earlier BSR 
studies by Maree and Hill (1987) used molasses (C12H22O11), which was a waste product from the 
sugar-refining sector, as the carbon source and e- donor. However, due to the complexity of the 
substrate, it has to be degraded to simpler substrates via a fermentation step, and after that, the 
simpler substrates can be used by SRB. The Maree and Hill (1987) study reported a 77% removal 
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of sulfate where excess COD was supplied via molasses. During the fermentation. molasses is 




�⎯� 4𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑂𝑂𝐻𝐻𝐶𝐶𝑂𝑂𝑂𝑂𝐻𝐻      (E2.3.2.a) 
 
As can been observed from the reaction stoichiometry fermentation is not a sulfate-reducing 
reaction. Oyekola et al. (2009) reported that fermentative bacteria or oxidative SRB can further use 
lactate. The sulfate-reducing pathway can be described by the reaction stoichiometry as follows; 
 
2 𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑂𝑂𝐻𝐻𝐶𝐶𝑂𝑂𝑂𝑂𝐻𝐻  + 𝑆𝑆𝑂𝑂42−
𝜇𝜇𝜇𝜇𝜇𝜇
�� 2𝐶𝐶𝐻𝐻3𝐶𝐶𝑂𝑂𝑂𝑂− + 2 𝐻𝐻𝐶𝐶𝑂𝑂3− + 𝐻𝐻𝑆𝑆− + 3𝐻𝐻+   (E2.3.2.b) 
 
Olthof et al. (1985) reviewed studies reporting the use of primary sludge and waste activated sludge 
as an economically viable carbon source and e- donor. These are also complex organics, and 
although it is a cheap, reliable and useful substrate, complex organics do require a longer reactor 
retention time to ensure both optimal removal of sulfate and COD from the treated effluent stream 
due to the slow hydrolysis of complex organics.  
 
Considering that the present study uses an artificially prepared Fischer-Tropsch Reaction Water 
(FTRW) as substrate and that FTRW primarily consists of volatile fatty acids (VFA) with carbon 
lengths from 2 (acetic acid) to 6 (hexanoic acid) [Van Zyl et al., 2008] more focus is placed on 
reviewing studies that used VFAs, e.g. acetate, propionate, butyrate, valerate. Suzuki et al. (2010) 
reported the incomplete oxidation of 2 moles of valerate to 2 moles of acetate and propionate under 
sulfate reduction conditions. This is shown in the equation E2.3.2.c; 
 
2 𝐶𝐶𝐻𝐻3(𝐶𝐶𝐻𝐻2)3𝐶𝐶𝑂𝑂𝑂𝑂−   + 𝑆𝑆𝑂𝑂42−
𝜇𝜇𝜇𝜇𝜇𝜇
�⎯� 2 𝐶𝐶𝐻𝐻3𝐶𝐶𝑂𝑂𝑂𝑂− + 2 𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻2𝐶𝐶𝑂𝑂𝑂𝑂− + 𝐻𝐻𝑆𝑆− + 𝐻𝐻+  (E2.3.2.c) 
 
The oxidation of propionate and butyrate within a sulfate-reducing reaction has been reported by 
Sorensen et al. (1981) and Visser et al. (1993) as shown in the stoichiometry for equations E2.3.2.d 
(butyrate) & e (propionate) as follows;  
 
2 𝐶𝐶𝐻𝐻3(𝐶𝐶𝐻𝐻2)2𝐶𝐶𝑂𝑂𝑂𝑂−   + 𝑆𝑆𝑂𝑂42−
𝜇𝜇𝜇𝜇𝜇𝜇
�⎯� 4 𝐶𝐶𝐻𝐻3𝐶𝐶𝑂𝑂𝑂𝑂− + 𝐻𝐻𝑆𝑆− + 𝐻𝐻+    (E2.3.2.d) 
4 𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻2𝐶𝐶𝑂𝑂𝑂𝑂−   + 3 𝑆𝑆𝑂𝑂42−
𝜇𝜇𝜇𝜇𝜇𝜇
�⎯� 4 𝐶𝐶𝐻𝐻3𝐶𝐶𝑂𝑂𝑂𝑂− + 4 𝐻𝐻𝐶𝐶𝑂𝑂3− + 3 𝐻𝐻𝑆𝑆− + 𝐻𝐻+   (E2.3.2.e) 
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Acetate is the key intermediate product for most of the higher VFAs and more complex organics in 
what is described as incomplete oxidation within an anaerobic digestion environment that include 
sulfate reduction (Liamleam and Annachhatre, 2007). Visser et al. (1993) and Moosa et al. (2002) 
reported studies where acetate as the carbon source and e- the donor is described in the reaction 
stoichiometry shown in equation E2.3.2.f as follows;  
 
 𝐶𝐶𝐻𝐻3𝐶𝐶𝑂𝑂𝑂𝑂−   + 𝑆𝑆𝑂𝑂42−
𝜇𝜇𝜇𝜇𝜇𝜇
�⎯� 2 𝐻𝐻𝐶𝐶𝑂𝑂3− +  𝐻𝐻𝑆𝑆−      (E2.3.2.f) 
 
The oxidation of a mixture of acetate (C2), propionate (C3) and butyrate (C4) under sulfate-reducing 
condition were reported in various studies, namely that by Omil et al. (1996), Greben et al. (2001), 
Vallero et al. (2003) and the related feasibility study by Matimba et al. (2008). As earlier stated, 
Matimba et al. (2008) studied the feasibility of BSR technology used in the co-treatment of artificially 
prepared FTRW and CMD using a CSTR-BSR system. Omil et al. (1996) reported a study relating 
to the operation of an UASB reactor fed excess sulfate with the mixture of short-chain fatty acids 
(SCFAs) where the C2, C3 and C4 COD mass ratio combination at 5:3:2 constitute a reasonable 
approximation to the artificially prepared FTRW and where the solid retention time (SRT) of the 
experimental UASB was between 226 to 240 days. The Omil et al. (1996) study operated under 
competitive SRB and methanogenic archaea conditions. Omil et al. (1996) reported only 29% 
sulfate removal during the period where the feed composition was 5:3:2 and indicated the C2 
concentration within the system was overloaded during this period due to high percentage of feed 
C2 with the addition of acetate from C3 and C4 consumption. Furthermore, studies by Van Houten 
et al. (1995a) and Maree et al. (1995) have shown that a combination of carbon oxides (CO/CO2) 
and hydrogen (H2), i.e. various mixtures of H2/CO2 or H2/CO/CO2 or H2/CO, can be used 
successfully as an electron donor and carbon source in BSR processes. Ozuolmez et al. (2015) 
reported the stoichiometry for the process of hydrogen-sulfatogenesis as given in equation E 2.3.2.g 
 
 4 𝐻𝐻2   + 𝑆𝑆𝑂𝑂42− + 𝐻𝐻+  
𝜇𝜇𝜇𝜇2
�⎯�  𝐻𝐻𝑆𝑆− +  4 𝐻𝐻2𝑂𝑂      (E2.3.2.g) 
 
The full reduction of sulfate is achieved by maintaining the COD to Sulfate mass ratio. This relates 
to the e- donating capacity of a fully biodegradable organic component, e.g. VFAs and more 
complex organic components, e.g. sucrose or glucose, being quantified in terms of its COD 
concentration, maintaining a theoretical COD:SO42- mass ratio relationship of 0.67 to allow for the 
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theoretical 100% removal of sulfate. Liamleam and Annachhatre (2007) reported that the theoretical 
COD:SO42- for acetate (C2), with a COD molar mass of 64 mgCOD/mol, is 0.667. However, this 
molar ratio does not apply for propionate (C3) and butyrate (C4), which contains 112 and 160 
mgCOD/mol respectively, resulting in a COD molar ratio of 2.33 and 2.22. Uberoi and Bhattacharya 
(1995) studied a chemostat reactor fed propionate as the organic source at a COD:SO42- mass ratio 
ranging between 0.63 to 0.69. The continuously stirred reactors used in the Uberoi and 
Bhattacharya (1995) studied were fed sulfate at concentrations ranging from 500 to 2500 mgSO42-
/l. Li et al. (1995) studied the removal of acetate and benzoate at various COD:SO42- mass ratios 
under sulfidogenic and methanogenic competitive conditions. The study reported high activity of 
the SRB compared with MPAs at lower COD:SO42- mass ratios which provided proof that the lower 
COD:SO42- can promote SRB activity above that of methanogens in a competitive anaerobic 
environment but it also showed a much lower COD removal at 53.1%.  
 
The study by industrial wastewater, which consists of completely biodegradable organics, the 
theoretical COD:SO42- mass ratios of 0.67 are sufficient for higher percentage removal of sulfate 
and COD in BSR processes (Rinzema and Lettinga, 1988, Ren et al., 2007). At higher COD:SO42- 
mass ratios, greater than 1-1.5, the activity of MPAs increases and a higher competitive 
environment arises between SRB and MPAs (Mizumo et al., 1994). As such, it can be concluded 
that the COD:SO42- mass ratios is one parameter that assists in ensuring limited to no MPAs 
activities within an anaerobic environment.  
 
2.3.3. Fischer-Tropsch reaction water as an organic source 
Fischer-Tropsch Reaction Water (FTRW) is a highly organic effluent that is the product water from 
the Fischer-Tropsch synthesis reaction containing dissolved short-chain organics (Van Dijk et al., 
2001). Some details of the Fischer-Tropsch process and the formation of FTRW are discussed in 
this section. 
 
2.3.3.1. Production of Fischer-Tropsch reaction water (FTRW) and characteristics 
The Fischer-Tropsch process is a Gas-to-Liquid (GTL) fuels technology that uses synthesis gas, 
which primarily is a carbon monoxide (CO) and hydrogen (H2) gas mixture, to produce 
hydrocarbons, oxygenates and water (Van Dijk et al., 2001).  
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As stated earlier, coal is the primary feedstock of thisCTL operation (Van Zyl et al., 2008). This 
feedstock coal is pressurised with stream and oxygen to produce crude synthesis feed-gas which 
in-turn is condensed to yield tar, pitch, oils and synthesis gas. Van Zyl et al. (2008) reported that 
Sasol also supplements its operations with natural gas to increase its operational output using a 
process called auto-thermal reforming to produce comparatively pure synthesis gas further. This is 
then combined with the synthesis gas from the CTL gasification process. These combined synthesis 
gas streams are further refined by removing components, namely H2S and CO2 to produce purified 
synthesis gas that is the feedstock to the Fischer-Tropsch process (Van Dijk et al., 2001; Van Zyl 
et al., 2008).  
 
Van Dijk et al. (2001) reported that the Fischer-Tropsch reaction is a highly exothermic reaction that 
converts synthesis gas, in the presence of a metal catalyst (Me), into a variety of linear 
hydrocarbons where the reaction can be described by the equation E2.3.3.1.a as follows; 
 
𝑛𝑛 𝐶𝐶𝑂𝑂  + 2𝑛𝑛 𝐻𝐻2
𝑀𝑀𝑀𝑀−𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝑐𝑐𝑐𝑐𝑠𝑠𝜇𝜇
�⎯⎯⎯⎯⎯⎯⎯⎯� [−(𝐶𝐶𝐻𝐻2)𝑛𝑛 −] + 𝑛𝑛𝐻𝐻2𝑂𝑂    (E2.3.3.1.a) 
 
Valoyi et al. (2011) reviewed the work of Bartholomew (1990) that reported the Fischer-Tropsch 
reaction also converts synthesis gas into methane (CH4) and CO2 as shown here in equation 
E2.3.3.1.b and c; 
 
𝑛𝑛 𝐶𝐶𝑂𝑂  + 3𝑛𝑛 𝐻𝐻2
𝑀𝑀𝑀𝑀−𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝑐𝑐𝑐𝑐𝑠𝑠𝜇𝜇
�⎯⎯⎯⎯⎯⎯⎯⎯� 𝑛𝑛𝐶𝐶𝐻𝐻4 + 𝑛𝑛𝐻𝐻2𝑂𝑂     (E2.3.3.1.b) 
𝑛𝑛 𝐶𝐶𝑂𝑂  
𝑀𝑀𝑀𝑀−𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝑐𝑐𝑐𝑐𝑠𝑠𝜇𝜇
�⎯⎯⎯⎯⎯⎯⎯⎯� 𝑛𝑛𝐶𝐶 + 𝑛𝑛𝐶𝐶𝑂𝑂2       (E2.3.3.1.c) 
 
The selection of the metal catalyst used and operating pressure and temperature within the Fischer-
Tropsch reaction determined the type of hydrocarbon produced within this process (Van Dijk et al., 
2001; Van Zyl et al., 2008). Van Dijk et al. (2001) reported that iron-based catalyst are selective to 
the formation of light olefins with low quantities of methane productions that can be reused with the 
natural gas feedstock in Auto-thermal reformation. That study also reported that the use of Co-
based catalyst ensures the reabsorption of olefins produced from the Fe-based catalyst to produced 
heavy hydrocarbons and waxes.  
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Van Zyl et al. (2008) reported that Sasol fed synthesis gas to two processes 1) the high-temperature 
Sasol Advance Synthol (SAS) process and 2) the low-temperature Slurry Phase Distillate (SPD) 
process. The high-temperature Sasol Advance Synthol (SAS) uses a fluidised bed iron-based 
catalyst process that produces C1 to C20 hydrocarbons that can be fed to a separation process to 
yield products like petrol, diesel and jet fuel. The low-temperature Slurry Phase Distillate (SPD) 
process uses a combination of an iron and cobalt-based catalyst, as can be concluded from the 
Van Dijk et al. (2001) study; which produces products, namely waxes, paraffin and high-quality 
diesel.  
 
Figure 2.3.3.1.a shows that process flow diagram for a GTL or CTL technology including the 
Fischer-Tropsch (FT) process.  
 
12Figure 2.3.3.1.a: Schematic of a F.T process reported in Van Dijk et al. (2001) 
 
As can be observed from equations E2.3.3.1.a to c and reported by Van Zyl et al. (2008), the FT 
process produces more water (on a mass basis) than it produces actual desired product and this 
product water also contain some of the short-chain fatty acids (SCFAs) from C2 (Acetic Acid) to C6 
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(Hexanoic Acid). The average COD concentration of FTRW ranges between 12000 to 18000 
mgCOD/l with an average of 15000 mgCOD/l. The pH of this FTRW is between 2.9 and 3.0 for 
SSO.  
2.3.3.2. Current treatment of FTRW 
The Fischer-Tropsch Reaction Water (FTRW) from the Sasol Secunda Operation (SSO) is currently 
treated within two processes on a 50/50 base; 1) the water recovery (WR) bio-plants and 2) the 
water recovery growth (WRG) plant. The water recover bio-plants are fully aerated activated sludge 
processes that treat FTRW together with other effluent streams from the Sasol Secunda Operation. 
The combined effluent streams treated at the water recovery bio-plant totals a flow ranging between 
120 to 150Ml/day. FTRW makes up less than 20% of this total daily flow. However, FTRW makes 
up 50-60% of the total COD loading of this combined effluent stream. The problem of the aerobic 
treatment of FTRW in an activated sludge (AS) process is that due to this high COD loading to the 
AS systems, which is 5 to 6 times that of the average domestic wastewater treatment plant (WWTP),  
has a high aeration demand and produces large quantities of waste activated sludge (WAS). Also, 
the short-chain fatty acid substrate tends to produce a poor flocculating WAS, which is difficult to 
separate from the treated water stream. This WAS product is up to 94% biodegradable and 
comprises primarily of the biomass of the AS system. The WAS removed from the WR processes 
requires further treatment given that its content-heavy metal and is disposed of by incineration.  
 
To further promote sustainable production practices, as mentioned in the introduction, Sasol 
invested in the construction of an anaerobic digestion (AD) process, namely WRG at SSO, for the 
treatment of hot FTRW, at 55oC. The advantage of this methanogenic AD process over that of the 
aerobic AS processes is that it does not require heating, and produces much less waste sludge that 
significantly reduces the need for further treatment of waste sludge. Furthermore, the operating cost 
of AD’s is lower due to no aeration requirement, which relates to 30 to 60% of the operating cost of 
AS processes (De Keiser et al., 2014). The production of methane from the AD process can be 
used as feedstock for the synthesis process whereby recycling the FTRW organic content and 
reducing the carbon footprint of SSO.  
 
At this stage, it can be argued that the treatment of all the FTRW in the AD process is more 
beneficial. However, FTRW is required for the co-treatment of their other industrial effluent streams 
with limited carbon content within the WR activated sludge process.  
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2.3.3.3. Matimba et al. (2008) feasibility study for the treatment of FTRW and coal 
mine drainage 
Matimba et al. (2008) performed a preliminary investigation into the treatment of FTRW and pre-
treated AMD using a completely mixed CSTR-BSR reactor. A 20l unit was operated at a 16l mixed 
liquor content, at 35oC with a semi-continuous feed configuration (3 sec. feed /320 sec no feed = 
0.5 l/d) to establish a dilution rate of 0.03125 d-1 (SRT = 32 days). The feed mixture consisted of 
1200 mgCOD/l and 1600 mgSO42-/l, which resulted in an OLR of 0.6gCOD/(l.d), a sulfate feeding 
rate of 0.8g SO42-/(l.d) and a COD:SO42- molar ratio of 0.67 which relates to excess sulfate feeding 
conditions. The COD:TOC ratio of sulfate to FTRW was > 2.67 which established a carbon limitation 
on the system where the e- donated by the FTRW is greater than the C required for the alkalinity 
increase with the result that there are zero CO2 gas production and the sulfide weak acid-base 
species (H2S/HS- - pK≈7.0) establish the operating pH for this BSR system. Although difficulties 
were encountered to close the COD and S mass balances, the study by Matimba et al. (2008) 
concluded that the operation of a flow-through reactor for the co-treatment of FTRW (1.2gCOD/l) 
and AMD (1.6gSO42-/l) is feasible.  
 
2.3.4. Sulfide product and substrate inhibition on SRB activity 
The metabolic pathways presented in section 2.3.1 describes the reactions that occur within SRB 
to produce sulfide as one of the products of biological sulfate reductions (Peck, 1973). Under 
anaerobic digestion conditions, which range between pH 6.5 to 9.5, sulfide exists as two species in 
an aqueous environment, which is undissipated/unionised hydrogen sulfide (H2S(aq)) and ionised 
hydrogen sulfide (HS-) (Loewental et al., 1989). The concentration of the H2S(aq.) or HS- species 








× 34    {mg/l}    (E2.3.4.a) 
 
Where ST is the total free and saline sulfide (FSS) concentration (mol/l), [H2S(aq)] is the dissolve H2S 
concentration (mg/l), pKs is the equilibrium constant for the H2S-HS- species which is around 7.2 
and pH refers the in-situ pH of the system. Moosa and Harrison (2006) reported that two key 
hypotheses are describing the mechanisms of sulfide inhibition in BSR systems. The first 
hypothesis states that metal sulfide precipitants form from trace metals, e.g. iron and other, that are 
Chapter Two                                                                                                          State of the Art 
 
38 | P a g e  
 
required as micronutrients for growth and thus causing growth inhibition due to nutrient limitations 
(Postgate,1965; Reis et al., 1992). Secondly, it is hypothesised that sulfide is absorbed into the 
microorganism cells, which denatures the proteins used as a cross-linking agent (Moosa and 
Harrison, 2006).  
 
Various studies debated the question of whether only H2S(aq) or both FSS and H2S(aq) imposed an 
inhibitory effect on SRB within a BSR environment (Hilton and Oleszkiewisz, 1988; Maillacheruvu 
et al., 1993; O’Flaherty et al., 1998; Moosa and Harrison, 2006). The study by Moosa and Harrison 
(2006) fed acetate and lactate, concluded that un-dissociated H2S had a notable inverse correlation 
on the specific growth rate and activity of SRB within the concentration range 70 to 290 mgS/l where 
the FSS concentration was less than 750 mgS/l. Furthermore, the study also concluded that 
reduced bacterial activity, specific growth rates and sulfate reduction were observing at increased 
FSS concentrations with limited increase in the US. In summary, the study by Moosa and Harrison 
(2006) stated that both FSS and H2S(aq) have an inhibitory effect on SRB activity, but the inhibition 
effects are more notable with H2S(aq) concentration changes. Reis et al. (1992) reported that the 
growth rate of SRB is inhibited at H2S(aq.) concentration of 547 mg/l. Maillacheruvu et al. (1993) 
studied different up-flow anaerobic filters fed Glucose, Acetate (Ac), Propionate (Pr) and Lactate 
(Lac). Maillacheruvu et al. (1993) reported that for the Glucose-fed system SRB activity was 
inhibited at H2S(aq) concentration of 60-75 mgS/l and FSS of 150-200 mgS/l, while for the Ac-fed 
system these inhibition values were 125 mgS/l (H2S(aq)) and 400 mgS/l (FSS) and the Pr-fed system 
the inhibition values were 125 mgS/l (H2S(aq)) and 400 mgS/l (FSS). Greben et al. (2001) reported 
H2S(aq.) inhibition for SRB ranging between 200-500 mgS/l.  
 
O’Flaherty et al. (1998) studied a packed bed reactor fed Acetate (Ac), Propionate (Pr), Butyrate 
(Bu) and Ethanol (EtOH) under competitive methanogenic (MPAs active biomass) and 
sulphidogenic (SRB active biomass) conditions and that both MPAs and SRB were inhabited by 
FSS and H2S(aq.) but this inhibition effect is pH-dependent and variable for these microorganisms at 
variable pHs. Furthermore, O’Flaherty et al. (1998) reported propionate reducing SRB were more 
sensitive to H2S(aq.) inhibition than Ac or Bu reducing SRB. The present study also reported that 
SRB was less inhibited by H2S(aq.) then MPAs at pH ranges 7.2-8.5 but equally sensitive to H2S(aq.) 
in the pH range 6.8-7.2. Li at el. (1995) reported H2S(aq.) being inhibitory to MPAs within the range 
100-800 mgS/l. Studies have reported that MPAs activity within an anaerobic environment at 
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increased levels of H2S(aq.) is toxic to MPAs and this elevated level promoted the activity of SRB 
(Widdel et. al., 1988, Rinzema and Lettinga, 1988, O’Flaherty et al.,1998 and Jeong et al., 2008).  
 
The wide variety of SRB found in nature implies considerable tolerance of these obligate anaerobes 
to oxygen (Hardy and Hamilton, 1981). The SRB can tolerate limited oxygen concentration in a 
solution by the cells scavenging oxygen via, e.g. NADH oxidase activity and by this means 
cancelling the effects on labile cellular or possession of protective enzymes to reduce toxic radicals.  
 
Van Den Brand et al. (2014) reported that a propionate feed concentration higher than 1000 
mgCOD/l showed an inhibitory influence on SRB activity. Batstone et al. (2001) reported the 
competitive inhibition effects for the uptake of substrates Butyrate and Valerate in methanogenic 
anaerobic digestion reactors.  
 
2.4. Effects of Limited Oxygen presence in a CSTR - BSR environment 
Botheju and Bakke (2011) reported that unintentional oxygen transport into anaerobic digesters is 
a common occurrence, especially through interaction with the surroundings via feeding and mixing. 
In Section 2.2.2. it was stated that S compounds can exist in a wide range of oxidation states, from 
an ionic form of -2 (completely reduced state) to +6 (completely oxidised state) and can be 
transformed via chemical or electro-chemical or biological means (Muyzer and Stams, 2008). In the 
presence of limited oxygen within the BSR environment, SRB activity would not be significantly 
inhibited, as reported previously in section 2.3.4. and biological sulfide oxidation reactions will occur 
within the BSR environment to produce elemental S (S0) (Peck, 1973). The oxidation reactions 
would continue under conditions of continuous limited oxygen supply and reduced sulfide 
concentrations to produce thio-sulphite (S2O3-), sulphite (SO32-) and finally regenerate sulfate (SO42-
) at extended reactor retention times (Nielsen et al., 2006).  
 
As such oxygen supply to the BSR environment in lab-scale to a full-scale application can be 
expected and needs to be considered and limited to avoid total system inhibition but not eliminated 
to also include further stoichiometric reactions, i.e. S0, S2O3- and regeneration of SO42-. This is a 
requirement to ensure the mass continuity compliance for S component over the BSR system 
considered (Hao et al., 2014).  
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2.4.1. Biological sulfide Oxidation to S formation in BSR environment 
The biological oxidation of sulfide to produce S0 is a natural process that forms part of the biological 
S cycle (Kamyshy et al., 2004; Greben et al., 2009). This S cycle is shown in Figure 2.4.1.a below:  
 
 
13Figure 2.4.1.a: Biological S Cycle reported in Janssen et al. (1998) 
 
Janssen et al. (1998) and Kleinjan et al. (2005a) reported the dominance of β-proteobacteria, i.e. 
Thiobacillus sp.W5, as the S compound oxidation bacteria (SOB) in the sulfide oxidation process 
within a pH operating range 7-9 which is the normal pH range for BSR processes. Thiobacillus 
bacteria are obligate chemolithoautotrophic organisms (Kleinjan et al., 2005a). These chemotrophic 
(Colourless) bacteria are obligate aerobes that obtain energy from the oxidation of S compounds, 
e.g. H2S, S0 and S2O3- (Van Der Ende et al., 1997). Lithotrophic bacteria use inorganic compounds 
as a source of hydrogen, e.g. H2S/HS-, NH3/NH4+ and Autotrophic bacteria use CO2 as a carbon 
source. These components are all available within a BSR environment. Under limited oxygen 
conditions and excess HS- within an aqueous media, SOB oxidise sulfide to produce biological S80 
(Stefess et al., 1996). This reaction stoichiometry is described by equation E2.4.1.a; 
 




�⎯⎯⎯� 𝑆𝑆𝑛𝑛0 + 𝑛𝑛𝑂𝑂𝐻𝐻−       (E2.4.1.a) 
 
Where n is the chain length or ring molecular size for elemental sulfur. The optimal sulfide to oxygen 
ratio to ensure optimal elemental S production is reported within the range of 0.5 to 0.7 (Janssen et 
al., 1997; Alcantara et al., 2004).  
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The biological elemental S produced by SOB, called globules, is excreted and deposited on the 
inside or outside of the bacterial cells and can reach a spherical diameter of up to 1μm (Janssen et 
al.,1998). This is shown in Figure 2.4.1.b  
 
14Figure 2.4.1.b: Scanning electron micrograph of S0 on the surface of Thiobacillus sp. Cell 
reported in Janssen et al. (1998) 
 
The physical and chemical properties of biologically produced S from various SOB differ from 
chemically produced S known as “flour of sulfur” which is an octa-S (S8) and has a rhombohedral 
crystal structure (Greenwood et al., 1997). Biologically produced S or Bio-S globules consist of S 
nucleus, e.g. S8 rings and other ringed sulfur, ion-chain polythionates, at acidic pH conditions, and 
orthorhombic S crystals (Kleinjan et al., 2005a). The elemental S from Thiobacillus bacteria contains 
high contents of S80 orthorhombic S rings in its crystal structure.  
 
2.4.2. Polysulfide formation and Sulfur-Polysulfide equilibrium 
Biological sulfide oxidation under limited oxygen conditions within a BSR environment in the 
presence of SOB, as previously described, will oxidise sulfide via various intermediate products 
within the progression, elemental S (S0) → thiosulfate (S2O3-) → sulphite (SO32-) and finally sulfate 
(SO42-) at extended reactor retention times. However, this progression of oxidised sulfur-based 
compounds, from the biological reaction under limited oxygen presence, can be restricted by the 
formation of polysulfide. Polysulfide is produced in a Physico-chemical equilibrium reaction with S0, 
under favourable condition, thus limiting the progression of S0 oxidation (Nielsen et al., 2006).  
 
In the presence of hydrogen sulfide (HS-) and elemental S (S0), that was formed during sulfide 
oxidation under limited oxygen presence, and pH conditions greater than 7.0, polysulfide (Sx2-) is 
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formed (Rozan et al., 2000; Kamyshny et al. 2004; Kleinjan et al., 2005b). Kamyshny et al. (2004) 
and Mooruth and Van Hulle (2013) describes dissolved polysulfide as a yellowish-to-orange colour 
aqueous solution, which can be alternatively represented by the chemical formula [Sx-10.S2-](2-) that 
shows the composition as a sulfur-polysulfide atom of chain length (n-1) coupled with a sulfide-
polysulfide divalent state. The equilibrium reaction for polysulfide is shown in Equation E2.4.2.a 
 




�� 𝑆𝑆𝑥𝑥2− + 𝐻𝐻+       (E2.4.2.a) 
 
And equilibrium constant is shown by equation E2.4.2.b and c (Kamyshny et al., 2008) 
 





         (E2.4.2.b) 
 
However, using the formation constant for solid S {Sn0} = 1 in equation E 2.4.2.b yields, 
 
𝐾𝐾𝑠𝑠𝑥𝑥   =
�𝜇𝜇𝑥𝑥2−�∙[𝜇𝜇+]
[𝜇𝜇𝜇𝜇−]
× (𝛾𝛾𝑆𝑆𝑥𝑥2−)(𝛾𝛾𝐻𝐻+)(𝛾𝛾𝐻𝐻𝑆𝑆−)         (E2.4.2.c) 
 
Where γSx2-, γH+ and γHS- relate to the activity constants for Sx2-. HS- and H+ as determined by the 
Debye-Hűckel equation E2.4.2.d; 
 




         (E2.4.2.d) 
 
Where I = ionic strength, A and β is the characteristic constants within a solvent {for water A = 0.509 
(mol1/2.l1/2) and β = 0.33X108 (mol1/2.l1/2.m-1)} and a is the effective ionic diameter of the closest 
approach to the central ion i (m) which can be obtained from Table 2.4.2.a (Kleinjan et al., 2005b); 
 
2Table 2.4.2.a: Estimated effective ionic diameter for use in activity calculations for the extended 
Debye-Hückel law 
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Kleinjan et al. (2005) reported that the concentration of S22- and S32- are dominant in high alkaline 
solutions, while S42- and S52- are the dominant species of polysulfide within the pH ranges 6 to 8. 
The operation pH relates to the present study is in the pH varies 7 to 8, and as such, the only 
species that are considered in the present study are S42- and S52-.  
 
2.4.3.  S Cycle Due to further Oxidation  
The oxidation of sulfide to elemental S is the incomplete oxidation of sulfide since the formation of 
sulfate yields the most energy (Janssen et al., 1999). Janssen et al. (1999) and Kleinjan et al. 
(2005a) reported that Thiobacillus bacteria under excess oxygen conditions and limited HS- within 
an aqueous media oxidises sulfide to sulfate. Equation 2.4.3.a describes this reaction stoichiometry; 
 
𝐻𝐻𝑆𝑆−   +  2 𝑂𝑂2
𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝑠𝑠
�⎯⎯⎯� SO42− + 𝐻𝐻+       (E2.4.3.a) 
 
Visser et al. (1997) described a schematic representation for the sulfide metabolic pathway for 
Thiobacillus sp., shown in Figure 2.4.3.a, that proposes the oxidation of sulfide to sulfate where the 
intermediate components are S0, thiosulfate (S2O32-) and sulphite (SO32-) (Nielsen et al., 2006). The 
sulfide metabolic pathway, Figure 2.4.3.a shows that electrons enter the respiration chain at a level 
of cytochrome c and is then coupled to oxygen via a cbb3-type oxidase.   
 
 
15Figure 2.4.3.a: sulfide metabolic pathway for Thiobacillus sp. reported by Visser et al. (1997) 
 
In the presence of excess oxygen S compound oxidation bacteria (SOB) will oxidise elemental S to 
S2O32-, SO32- and further to SO42- given that S0 is an intermediate product within the sulfide metabolic 
pathway for SOB (Lee et al., 2000; Nielsen et al., 2006; Kleinjan et al., 2005b). This is shown in 
Equations E2.4.3.b to d; 
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2S0   +  𝑂𝑂2 + 𝐻𝐻2𝑂𝑂
𝜇𝜇𝜇𝜇𝜇𝜇0
�⎯⎯� S2O32− + 2𝐻𝐻+      (E2.4.3.b) 
S2O32−   +  𝑂𝑂2 + 𝐻𝐻2𝑂𝑂
𝜇𝜇𝜇𝜇𝜇𝜇0
�⎯⎯� 2SO32− + 2𝐻𝐻+     (E2.4.3.c) 
2SO32−   + O2
𝜇𝜇𝜇𝜇𝜇𝜇0
�⎯⎯� 2SO42−       (E2.4.3.d) 
 
The formation of sulfate within a sulfate-reducing reactor is not a favourable reaction, and 
so, the limitation of oxygen transport within a BSR environment is essential. The metabolic 
processes of the reduction of elemental S to sulfate are described in Figure 2.4.3.b 
(Bobadilla et al., 2013) 
 
 
16Figure 2.4.3.b: Reduction of elemental S to Sulfate as described by Bobadilla et al. (2013) 
 
2.5. 3 Phase Physico-Chemical Chemistry, Reactions and Transport 
Physico-chemical reactions are the aqueous phase equilibrium reactions that commonly occur 
together with and interdependent of biological responses within wastewater treatment systems, i.e. 
Anaerobic Digestion, Activated Sludge Systems and BSR processes, but are not mediated by 
microorganisms (Batstone et al., 2012). These physicochemical reactions occur in 3 phases (gas-
liquid-solid) via gas evolution or dissolution equilibrium or dissociation and mineral precipitation in 
biological wastewater systems (Musvoto et al., 2000). This section reviews reactions for aqueous 
Chapter Two                                                                                                          State of the Art 
 
45 | P a g e  
 
systems within Liquid-liquid phase (Weak Acid-Base Chemistry), Solid-liquid phases (precipitation 
and dissolving) and Gas-liquid phases (Absorption and Desorption).  
 
Physico-chemical reactions are fundamentally very well understood, and simple to complex models 
can be developed using theoretical knowledge which can predict real-time condition fairly accurately 
(Stomm and Morgan, 1996; Loewenthal et al., 1989). However, the applications of physico-chemical 
sub-models included in biological models until recent times have been rudimentary and limiting 
inaccuracy (Batstone et al., 2012). Within this section, physico-chemical sub-models are reviewed 
for 3 Phase application to BSR systems.  
 
2.5.1. Weak Acid-Base Chemistry (Liquid-Liquid phase reactions) 
Liquid-liquid phase weak acids and bases within Anaerobic Digestion environment, including BSR, 
play a critical role in establishing the system pH, Alkalinity and the buffering capacity of the aqueous 
medium (Loewenthal et al., 1989). This is specifically relevant during changes in the concentrations 
of the weak acid or base species within the aqueous medium. The dominant weak acid/base 
species present within a BSR environment are standard, 1) the inorganic carbonate system 
(H2CO3*/HCO3-/CO32-), 2) sulfate species, i.e. HSO4- and SO42- the dissociation of H2SO4- is 
considered a strong acid dissociation, 3) sulfide systems which includes the species H2S (aq)/ HS-
/S2- (Loewenthal et al. 2008). Other weak acid systems that are present within BSR environments 
are those of short-chain fatty acids or volatile fatty acids (VFAs). The most commonly present VFAs 
in a BSR environment is the acetic acid species (HAc/Ac-), propionic acid species (HPr/Pr -) and 
lactic acid species (HLac/Lac-), which can either be as intermediate products from the fermentation 
of more complex organics or the actual feed sources.  
 
Furthermore, the nutrients required by BSR systems like nitrogen and phosphorus also exists as 
weak acid-base species within the aqueous environment, namely free and saline ammonia (FSA) 
(NH4+/NH3) and phosphate (H2PO4-/HPO42-) (Poinapen et al., 2008). Also, the trace metals and 
other minerals required for microbial growth, e.g. sodium (Na+), potassium (K+), magnesium(Mg2+), 
calcium (Ca2+), chloride (Cl-), iron (Fe2+/Fe3+), ., adds to the ionic strength of the aqueous medium 
and effects the H+ ion activity (pH) within the aqueous medium of the BSR system (Brouckeart et 
al., 2019). Further, the feed components and other components like limited oxygen present within 
the BSR environment resulting in sulfide oxidation adds to the mixed weak acid/base system, 
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involving several species at different molar concentrations, within the aqueous liquid-liquid system 
(Harding et al. 2009). 
 
The equilibrium dissociation–association reactions within biological wastewater treatment 
processes are always non-ideal from a chemical thermodynamics’ perspective as changes in 
mixed-species concentrations within such water influences how ions pairs interact within the 
aqueous environment and with each other (Tait et al., 2012). The weak acid-base systems can be 
described by such equilibrium dissociation–association reactions based on the Lowry-Bronsted 
theory where an acid donates a proton and a base accepts a proton (Stumm and Morgan, 1996, 
Loewenthal et al., 1989).  
 
The dissociated state of a weak monoprotic acid within an aqueous medium, for example, can be 
described by an equilibrium reaction, shown in Equation 2.5.1.a,  
 
𝐻𝐻𝐴𝐴 + 𝐻𝐻2𝑂𝑂 ⇋ 𝐻𝐻3𝑂𝑂+ + 𝐴𝐴−       (E2.5.1.a) 
 
Where the extent of the forward and reverse reaction of equation E2.5.1a is specified by the 





          (E2.5.1.b) 
 
Where a refers to the species in equilibrium within the aqueous phase, within this equilibrium 
reaction equation, the concentrations of the reactant, HA, and products, A- and H+, are specified in 
terms of chemical activity, {X} – (X referring to the reactant/product), instead of a specified molar 
concentration [X] (Stumm and Morgan, 1996).  
 
The actual concentration for any of the products or reactants, e.g. [HA] and [A-], can be determined 
using a correlation factor called the activity coefficient, i.e. ƒm (mono-protic), ƒd (di-protic), ƒt (tri-








         (E2.5.1.c) 
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Several procedures have been developed over many years to determine the activity coefficients for 
application in equilibrium reaction equations, namely weak acid-base reactions (Tait et al., 2012). 
The ion activity of dissociated weak acids and bases within an aqueous medium are dependent on 
the ionic strength (I) of the solution and calculated from by equation E2.5.1.d (Kennedy, 1990);  
 
 𝐼𝐼 = 1
2
∑ 𝑐𝑐𝑖𝑖𝑍𝑍𝑖𝑖2          (E2.5.1.d) 
 
Where ci = concentration of the ith ionic species (mol/l) and Zi = the charge of the ith ionic species, 
i.e. 1 for mono-valent species, 2 for di-valent species. Tait et al. (2012) present a table that 
correlates the ionic strength of water to the TDS within the solution and the type of wastewater. This 
is shown in Table 2.5.1.a 
 
3Table 2.5.1.a: Overview of wastewater strengths report by Tait et al. (2012)  
Ionic strength  
(I, mol/kg) 
Total dissolved salts 
(mg/l) 
Wastewater type 
<0.001 30-300 Drinking water, clean natural freshwater 
<0.1 300-800 Weak industrial. 
All domestic. 
<1 5,000-10,000 Saline water, anaerobic digesters 
<5 10,000-70,000 Strong industrial, landfill leachate, RO brine 
 
Although this approach has its limitations, the ionic strength can be estimated from the TDS or 





         (E2.5.1.e) 
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The activity coefficient (ƒx) anion, at various ionic strengths, can be determined by applying 
expressions based on the Debye-Hüchel limiting law and modifications thereof (Stumm and 
Morgan, 1996; Tait et al., 2012) e.g.  
• Debye-Hüchel equation (for I < 10-2.3) shown in E2.5.1.f 
𝑙𝑙𝑙𝑙𝑙𝑙𝑓𝑓𝑥𝑥 = −Az2√𝐼𝐼        (E2.5.1.f) 
 




        (E2.5.1.g) 
 




        (E2.5.1.h) 
 
• Davies (for I < 0.5) shown in E2.5.1.i 
𝑙𝑙𝑙𝑙𝑙𝑙𝑓𝑓𝑥𝑥 = −Az2 �
√𝐼𝐼
1+√𝐼𝐼
− 0.3𝐼𝐼�       (E2.5.1.i) 
 
• “WATEQ” Debye-Hüchel equation (for I < 1)  
• Pitzer equation within the PhreeqC platform (for I > 1) 
 
where A is the temperature dependency constant given by A = 1.825 × 106(78.3T)−1.5 for T in 
Kelvin, B = 50.3(78.3T)-0.5 and the adjustment parameter (angstroms) corresponding the size of the 
ion (refer to Table 3.4 in Stumm and Morgan, 1996).  
 
With the ion activity coefficient known, the equilibrium constant (Kx) are adjusted for the ionic 
strength as shown by equation E2.5.1.j; 
 
   K𝑥𝑥 =  
𝐾𝐾𝑥𝑥′
𝜇𝜇𝑥𝑥
     𝒐𝒐𝒐𝒐        pK𝑥𝑥 = 𝑝𝑝𝐾𝐾𝑥𝑥′ − 𝑙𝑙𝑙𝑙𝑙𝑙𝑓𝑓𝑥𝑥         (E2.5.1.j) 
 
The aqueous phase dissociation–association equilibrium reaction equations and species mass 
balance equations for the weak acid-base systems of this CSTR-BSR and integrated systems study 
are shown in Table 2.5.1.b 
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4Table 2.5.1.b: Example of equilibrium and mass balance equations for ionic speciation  
Weak Acid Sub-
System 
*Aqueous Phase Equilibrium 































 𝑆𝑆𝑂𝑂𝐴𝐴 = �𝐻𝐻2𝑆𝑆𝑂𝑂4 � + [𝐻𝐻𝑆𝑆𝑂𝑂4
−] + [𝑆𝑆𝑂𝑂42−] 
 
 
Sulfide system  
 
 




































































































*Where (H+) is the hydrogen ion activity, [X] the molar concentrations of species X and KX’ is the 
thermodynamic equilibrium constant for species X at infinite dilution and K'x is Kx, adjusted for 
Extended Debye Hückel effects to accounts for the activity of ions in low salinity water (Stumm and 
Morgan, 1996).  
 
The dissociation equilibrium equations can be substituted into the mass balance equations to derive 
equations to determine the concentration of specific species subject to the dissociation constants 
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and the aqueous medium pH. The Species concentration expressions are presented in Table 
2.5.1.c 
 
5Table 2.5.1.c: Species Concentration Expressions 
Weak Acid Sub-












�𝐻𝐻2𝐶𝐶𝑂𝑂3 � open to air 
[𝐶𝐶𝑂𝑂3−] =
𝐶𝐶𝐴𝐴








(102∗𝑝𝑝𝐻𝐻−𝑝𝑝𝐾𝐾𝑐𝑐1−𝑝𝑝𝐾𝐾𝑐𝑐2) + (10𝑝𝑝𝐻𝐻−𝑝𝑝𝐾𝐾𝑐𝑐1) + 1
 










































































































[𝐻𝐻+] = (10−𝑝𝑝𝐻𝐻) 
 
[𝑂𝑂𝐻𝐻−] = (10𝑝𝑝𝐻𝐻−𝑝𝑝𝐾𝐾𝑝𝑝) 
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Where the weak acid-base dissociation constants and the temperature adjustment function 
expressions are presented in Table 2.5.1.d 
 
6Table 2.5.1.d: The weak acid/base dissociation constants and the temperature adjustment 
reported by Loewenthal et al. (1989) 
Weak Acid dissociation constants at 25oC and Their Temperature dependency, 
for the carbonate, phosphate, Acetate, Propionate, Ammonium, Sulphate and 
Hydrogen Sulfide systems.  
Weak acid pK-Values pK@25oC A B C 
Water pKW 14     
Inorganic Carbon pKC1 6.352 3404.7 14.84 0.03279 
  pKC2 10.329 2902.4 6.498 0.02379 
Acetate pKAc 4.756 1170.5 3.165 0.0134 
Propionate pKPr 4.874 1213.3 3.386 0.01406 
Ammonium pKn 9.245 2835.8 0.6322 0.00123 
Sulphate pKSO42 1.99     
Hydrogen Sulfide pKS  6.99 1351.9 -0.0992 0.00792 
Phosphate pKp1 2.148 799.3 4.555 0.01349 
  pKp2 7.198 1979.5 5.354 0.01984 
  pKp3 12.023       
Henry's Constant pKCO2 1.47 -1760 -9.619 -0.00753 
Temperature Change 
Equation 
pK = (A/T) - B + CxT 
 
Ion pairing is an aqueous phase method of dealing with ion activity correction when fm, fd and ft no 
longer work at high EC. The phenomena of ion-pairing arise from the interaction between oppositely 
charged ion-ion pairs, in a high concentration electrolyte with a solvent with low relative 
permittivity’s, that form species with distinct physicochemical characteristic (Matthews and Naidoo, 
2010). Ion pairing is reserved for aqueous phase “ion activity” calculations and is frequently applied 
in the simulation of aqueous phase systems. The degree of ion-pairing can be determined from the 
osmotic pressure within an aqueous solution (Marcus, 2005). The modelling of the ion-pairing of 
strong acid and bases within a high strength electrolyte, i.e. Na2SO4, CaSO4, NaAc, CaAc2 and 
CaPr2, are included within such simulations, which results in the reduced overall charge of the 
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aqueous solutions and reduced ion activity. Brouckeart et al. (2010) included ion pairings of 
components usually found in anaerobic digesters to the DHI WEST® simulation platform.  
 
The Alkalinity (Alk.) or Acidity (Acid) of an aqueous system, which relates to the proton accepting 
(donation) capacity of the mixed weak acid-base aqueous solution relative to a reference state, can 
be determined for any aqueous system using the aqueous phase equilibrium and mass balance 
equations of the weak acids and basis present in the system (Loewenthal et al., 1989). Loewenthal 
et al. (1989) describes the derivation of the system Alkalinity (Alk.) for an aqueous system that only 
contains the inorganic carbonate and water species as the H2CO3* Alkalinity and is derived using 
the equilibrium and mass balance equations for the stated weak acid-base species where Carbon 
Dioxide (H2CO3*) is the reference species (shown in equation. E2.5.1.k) 
 
  𝐻𝐻2𝐶𝐶𝑂𝑂3∗𝐴𝐴𝑙𝑙𝐴𝐴 = [𝐻𝐻𝐶𝐶𝑂𝑂3−] + 2[𝐶𝐶𝑂𝑂32−] + [𝑂𝑂𝐻𝐻−] − [𝐻𝐻+]   (E2.5.1.k) 
 
The H2CO3* Alkalinity applies to a mixed weak acid-base system, namely that of Sötemann et al. 
(2005) for Anaerobic Digestion (AD) of Primary Sludge (PS) and Waste Activated Sludge (WAS) 
where the inorganic carbon (IC) system is the dominant system within this reactor. This dominance 
of a single weak acid-base system allowed simple equations to be developed to calculate the pH 
and Alkalinity of these AD systems. With IC dominance, Sötemann et al. (2005) reported that the 
AD system pH is defined by the partial pressure of CO2 (pCO2) and the bicarbonate species 
concentration [HCO3-], as the HCO3- species is the dominant species of the inorganic carbon system 
within the AD system operating pH range 6.5 to 8. The H2CO3* Alk. for the AD system of Sötemann 
et al. (2005) can thus be described with equation E2.5.1.l; 
 
  𝐻𝐻2𝐶𝐶𝑂𝑂3∗𝐴𝐴𝑙𝑙𝐴𝐴 = [𝐻𝐻𝐶𝐶𝑂𝑂3−] =
𝜌𝜌𝐶𝐶𝐶𝐶2.10−𝑝𝑝𝐾𝐾𝐶𝐶𝐶𝐶2 .�1+10𝑝𝑝𝐻𝐻−𝑝𝑝𝐾𝐾𝑐𝑐1+102𝑝𝑝𝐻𝐻−𝑝𝑝𝐾𝐾𝑐𝑐1−𝑝𝑝𝐾𝐾𝑐𝑐2�
�1+10𝑝𝑝𝐻𝐻−𝑝𝑝𝐾𝐾𝑐𝑐1+10𝑝𝑝𝐻𝐻−𝑝𝑝𝐾𝐾𝑐𝑐2�
  (E2.5.1.l) 
 
The study by Poinapen and Ekama (2010) considered the operation of a bench-scale Upflow 
Anaerobic Sludge Bed (UASB)-BSR reactor fed Primary Sludge as the electron donor and carbon 
source with Sulfate at a COD:SO42- mass ratio of 0.8. The present study reported the activity of a 
mixture of weak acids and bases from the system, i.e. the inorganic carbon system (with reference 
species = H2CO3*), acetic acid system (with reference species = HAc), hydrogen sulfide system (with 
reference species = H2S), free and saline ammonia (FSA) system (with reference species = NH4+) 
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and the phosphate system (with reference species = H3PO4). The Total Alkalinity (Total Alk) for this 
UASB-BSR reactor was defined as shown by equations E2.5.1.m;  
 
  𝐴𝐴𝑙𝑙𝑡𝑡𝐶𝐶𝑙𝑙 𝐴𝐴𝑙𝑙𝐴𝐴 = �𝐻𝐻2𝐶𝐶𝑂𝑂3∗𝐴𝐴𝑙𝑙𝐴𝐴/𝐻𝐻𝐴𝐴𝑐𝑐. 𝐴𝐴𝑙𝑙𝐴𝐴/𝐻𝐻2𝑆𝑆. 𝐴𝐴𝑙𝑙𝐴𝐴/𝑁𝑁𝐻𝐻4+. 𝐴𝐴𝑙𝑙𝐴𝐴/𝐻𝐻3𝐴𝐴𝑂𝑂4 . 𝐴𝐴𝑙𝑙𝐴𝐴� = [𝐻𝐻𝐶𝐶𝑂𝑂3−] +
2[𝐶𝐶𝑂𝑂32−] + [𝐴𝐴𝑐𝑐−] + [𝐻𝐻𝑆𝑆−] + [𝑁𝑁𝐻𝐻3] + [𝐻𝐻2𝐴𝐴𝑂𝑂4−] +  2[𝐻𝐻𝐴𝐴𝑂𝑂42−] +  3[𝐴𝐴𝑂𝑂43−] + [𝑂𝑂𝐻𝐻−] − [𝐻𝐻+] 
           (E2.5.1.m) 
 
However, Poinapen and Ekama (2010) further noted that, unlike methanogenic AD, in the case of 
sulfidogenic AD, the absence of significant CO2 gas production (pCO2 ≠ 0). This is due to “carbon 
deficiency” of the substrate that sulfide (H2S/HS-) established the BSR system pH.  
 
2.5.2. Precipitation and Dissolution (Liquid-Solid Phase system) 
Precipitation or dissolution of multiple species within an aqueous medium is a complex process that 
is a function of (Stumm and Morgan, 1996; Musvoto et al. 1997; Lewis et al., 2010; Ikumi et al., 
2012; Kazadi-Mbamba et al., 2015); 
• the solubility and saturation state for considered precipitate salt, e.g. CaCO3, CaSO4.2H2O, ., 
within an aqueous phase (reaction stoichiometry), 
• the rate of precipitant formation or dissolution for the found precipitate within the considered 
aqueous (reaction kinetics between solid and aqueous phases).  
A thermodynamic solubility equilibrium exists between a solid and aqueous phase where both the 
individual make-up ions and the related ion-pairing salts occur within an aqueous solution. The 
products of these types of reactions are inorganic uncharges, insoluble precipitants (Batstone et 
al., 2012). 
 
Precipitants and Salts commonly associated with a biological system, namely Anaerobic Digesters 
(ADs) and BSR systems are precipitants, namely CaCO3, struvite (MgNH4PO4.6H2O), newberyte 
(MgHPO4.3H2O), Lime, Gypsum, Metal-Sulfides, Metal-oxides, Other precipitants or salts of specific 
interest to the present study are jarosites, elemental S and iron-based precipitants (Musvoto et al., 
1997, Van Rensburg et al., 2003). The reaction stoichiometry for the mineral precipitants relevant 
to the present study, namely siderite (FeCO3) (McNiell and Edwards, 2001; Sun et al., 2009, Nafday 
and Nesic, 2005, Koteeswaran et al., 2006), iron sulfide (FeS) (Berner, 1964; Chen and Liu, 2005; 
ter Maat et al., 2005, Rickard and Luther, 2007) and chemically formed elemental S (S80) (Kleinjan 
et al., 2005b), are shown by equations E2.5.2.a to c,  
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 2𝐹𝐹𝐹𝐹3+ +  𝐻𝐻2𝑆𝑆   ⇌  𝑺𝑺𝟎𝟎 ↓ +2𝐹𝐹𝐹𝐹3+ +  2𝐻𝐻+     (E2.5.2.a) 
𝐹𝐹𝐹𝐹2+ + 𝐶𝐶𝑂𝑂32−  ⇌ 𝑭𝑭𝑭𝑭𝑭𝑭𝑶𝑶𝟑𝟑 ↓       (E2.5.2.b) 
𝐹𝐹𝐹𝐹2+ + 𝐻𝐻2𝑆𝑆 ⇌ 𝑭𝑭𝑭𝑭𝑺𝑺 ↓ +  2𝐻𝐻+       (E2.5.2.c) 
 
Specific conditions within an aqueous environment precede the specified mineral precipitation or 
dissolution. One of the most commonly used methods to determine the potential for the precipitant 
formation or dissolution of one or more components within an aqueous medium is based on 
solubility products and saturation conditions for the species making-up the precipitate (Stumm and 
Morgan, 1996). To test the precipitation or dissolution potential of a solution the free energy of 
dissolution of the solid phase (∆G) of a considered precipitate is determined using Equation E2.5.2.f 
for a single compound only consisting of a cation (Cat+) and anion (An-) for the compound as follow: 
 
  ∆𝐺𝐺 = 𝑅𝑅𝐴𝐴 𝑙𝑙𝑛𝑛 �𝜇𝜇𝐶𝐶𝑎𝑎𝐶𝐶+× 𝜇𝜇𝐴𝐴𝑛𝑛𝑖𝑖−
𝐾𝐾𝑠𝑠𝐾𝐾_𝐶𝐶𝑥𝑥
� = 𝑅𝑅𝐴𝐴𝑙𝑙𝑛𝑛 𝐼𝐼𝜇𝜇𝜇𝜇
𝐾𝐾𝑠𝑠𝐾𝐾−𝐶𝐶𝑥𝑥
      (E2.5.2.f) 
 
Where Ksp is the solubility product constant that can be obtained from various databases for the 
specific precipitant formed (Cx), the molar concentration of cations (Scat+) or anions (Sani-) and IAP 
is the actual ion activity product where T is the temperature in K and R is the Gas constant 8.314 
J/mol.K and IAP is the ion activity product.  
 
The solubility product constants typical for anaerobic digestion, sulfate reduction sulfide/S oxidation 
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7Table 2.5.2.a: Solubility Product Constant (@25oC) 
 
 
Sun et al. (2009) reported an expression that adjusted the solubility constant for FeCO3 based on 
variation in temperature and ionic strength of the aqueous solution where FeCO3 precipitation 
occurs. This expression is shown below:  
 
𝐿𝐿𝑙𝑙𝑙𝑙𝐾𝐾𝑠𝑠𝐾𝐾_𝐹𝐹𝑀𝑀𝐶𝐶𝜇𝜇3 =  −59.35 − 0.0414 ∗ 𝐴𝐴 −
2.1963
𝐴𝐴
+ 24.572 ∗ log(T) + 2.518 ∗ 𝐼𝐼0.5 − 0.657 ∗ 𝐼𝐼 
 
Where T is the temperature in kelvin and I the ionic strength in mol/l.  
 
Three conditions, i.e. based on the 𝑰𝑰𝑰𝑰𝑷𝑷
𝑲𝑲𝑲𝑲𝑲𝑲
 ratio, exist for solubility of precipitate within an aqueous 




 < 0, Undersaturated aqueous phase solution: the potential exists for the solid compound 
to dissolve into an aqueous solution and the mineral precipitant is not likely to form under 
existing conditions;  
• 𝑰𝑰𝑰𝑰𝑷𝑷
𝑲𝑲𝑲𝑲𝑲𝑲
 = 0, Saturated aqueous solution: this solution is in an equilibrium state for the 
components of a considered precipitate and any change can result in either precipitation or 
dissolution; 
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 > 0, Supersaturated aqueous phase solution: The potential for a considered mineral to 
precipitate out of aqueous solution is likely, and the dissolution of the same compound is 
unlikely.  
 
After determining that a considered precipitate within an aqueous solution is oversaturated and as 
such, the potential for mineral precipitant formation, it follows to determine the rate of creation for 
the considered precipitant 
 
2.5.3. Absorption and Desorption associated with a Liquid-Gas phase system 
Interphase mass transfer occurs between a liquid, water in the case of the present study, and the 
gas phase, where the two phases are brought into contact with each other (Coulson and 
Richardson, 2002). The transport of gas molecules over a gas-liquid interface is known as 
absorption and the reverse process desorption.  
 
The degree to which individual gases contained in a gaseous mixture is absorbed into the aqueous 
phase, in a liquid-gas phase system, is a function of the partial pressure of the considered gas of 
water (Moosbrugger et al., 1992; Stumm and Morgan, 1996; Coulson and Richardson, 2002). The 
ability of a gas to dissolve in water can be categorised into three types of gases which is 1) highly 
soluble gases, e.g. NH3, 2) moderately soluble gases, e.g. SO2, and 3) slightly soluble gases e.g. 
O2. Highly soluble gases require low partial pressure in the vapours/gaseous phase to be absorbed 
into a water medium and thus changing the concentration of the considered compound in the 
aqueous phase.  
 
For dilute concentrations of most gases, over a wide range of types of gases, Henry’s law is used 
to describe the equilibrium relationship between the gaseous and aqueous phases (Coulson and 
Richardson, 2002; Batstone et al., 2002). Henry’s law in its original form is described as shown in 
equation E2.5.3.a; 
 
  𝐾𝐾𝜇𝜇 =
{𝐶𝐶𝐴𝐴}
𝐾𝐾𝐴𝐴
          (E2.5.3.a) 
 
Where the partial pressure in the gas phase for species A (pA), and the concentration of A in the 
aqueous solution {CA} relate with constant KH. However, in the above form of Henry’s law does not 
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account for ion activity which is a generalise thermodynamic requirement and this is accounted for 
as follows in equation E2.5.3b (Stumm and Morgan, 1996), 
 
  𝐾𝐾′𝜇𝜇 =
𝐾𝐾𝐴𝐴
𝜇𝜇𝐴𝐴
          (E2.5.3.b) 
 
Where ƒA is the activity coefficient. This expression describes the physico-chemical significance of 
Henry’s law in a linear relationship between the activities of a species in both its gaseous and 
aqueous phases. Stumm and Morgan (1996) described two conventions for Henry’s law constant 
at equilibrium, i.e. [A](aq) = [A](g) whereas described by Equation E2.5.3.c, 
  





  (M/atm)      (E2.5.3c) 
Where H is the dimensionless equilibrium constant, [CA](aq) is the molar concentration for component 
A in the aqueous phase, R is the ideal gas constant (0.0821 l.atm/mol.K) and T is temperature in 
K.  
 
The Henry’s law expression for dissolved CO2 species concentration in the aqueous phase, e.g. 
[H2CO3*], is in equilibrium with the CO2 in the gas phase in the headspace, e.g. [CO2](g) = pCO2, 
can be described as presented in equation E2.5.3.d (Loewenthal et al., 1994):  
 
  𝐾𝐾𝜇𝜇 =
[𝜇𝜇2𝐶𝐶𝜇𝜇3∗]
𝐾𝐾𝑐𝑐𝑐𝑐2
          (E2.5.3.d) 
 
Where [H2CO3*] refers to the CO2 concentration in the aqueous phase. A numerical model of a gas-
liquid contactor typically consists of two main parts, i) the micro model, describing the mass transfer 
between the gas and the liquid phase at the phase interface and ii) the macro model describing the 
mixing pattern within the individual bulk gas and liquid phases (van Elk et al., 2007). Frequently 
applied micro models includes the Penetration theory and Surface renewal theory.  
 
2.5.3.1. The two-film theory (Stagnant film model): 
The two-film theory reported by Lewis-Whitman (1923) is the oldest and simplest model and is 
founded on the hypothesis that a thin film of fluid, in a laminar state, exist on both sides of the 
interface between the liquid and gas phases that actively affects the transport of molecules, via 
diffusion, between the two phases (Coulson and Richardson, 1999). The rate of molecular diffusion 
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is directly proportionate to the interface area and the concentration gradient of the considered 
species. So, for a gas, e.g. A, at low concentrations, Fick’s first law, presented in equation E2.5.3.e, 
is adequate to describe the mass transfer phenomenon between two phases (Judson King, 1980) 
  







        (E2.5.3.e) 
 
Where NA is the molar flux for compound A, D is the diffusivity coefficient (from liquid to gas phase), 
CA the molar concentration for A, dz is the change in distance of molecular transfer in a specific 
direction, PA is the partial pressure of A in the gas phase and R the universal gas constant (8.314 
KJ/kmol.K) and T the temperature (K) 
 
For example, where a molecule A is transported from a gas to a liquid phase as is presented in 
Figure 2.5.3.a,  
 
17Figure 2.5.3.a: Concentration profile for absorption compound A as amended from Khan et al. 
(2011) 
 
This phenomenon of mass transfer for molecule A can be described using the two-film theory 
presented subsequently. Mass transfer from the bulk gas over the thin film layer to the interface (Ai) 
is shown in equation E2.5.3f, 
 







(𝐴𝐴𝜇𝜇 − 𝐴𝐴𝜇𝜇𝑖𝑖) =  𝐴𝐴𝐴𝐴𝜇𝜇
, (𝐴𝐴𝜇𝜇 − 𝐴𝐴𝜇𝜇𝑖𝑖)    (E2.5.3.f) 
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Mass transfer from the interface (Ai) over the thin film layer of the liquid to the bulk liquid is 
presented in equation E2.5.3g, 
 




(𝐶𝐶𝜇𝜇𝑖𝑖 − 𝐶𝐶𝜇𝜇) = 𝐴𝐴𝜇𝜇𝜇𝜇
, (𝐶𝐶𝜇𝜇𝑖𝑖 − 𝐶𝐶𝜇𝜇)    (E2.5.3.g) 
 
So, for the mass transfer N’AL=N’AG and the driving force being towards the liquid phase, as 
described in Coulson and Richardson, 2002, shown in equation E2.5.3.h 
 
  𝐴𝐴𝜇𝜇𝜇𝜇
, (𝐶𝐶𝜇𝜇𝑖𝑖 − 𝐶𝐶𝜇𝜇) =  𝐴𝐴𝐴𝐴𝜇𝜇





,  =  
(𝜇𝜇𝐴𝐴−𝜇𝜇𝐴𝐴𝑖𝑖)
(𝐶𝐶𝐴𝐴𝑖𝑖−𝐶𝐶𝐴𝐴)
         (E2.5.3.h) 
 
On the application of Henry’s law, where KH is the Henry’s Law constant, to show in equation 
E2.5.3.i, 
 
 𝐾𝐾𝜇𝜇  =
𝑑𝑑𝜇𝜇𝐴𝐴
𝑑𝑑𝐶𝐶𝐴𝐴
≈  (𝜇𝜇𝐴𝐴𝑖𝑖−𝜇𝜇𝐴𝐴𝐴𝐴)(𝐶𝐶𝐴𝐴𝑖𝑖−𝐶𝐶𝐴𝐴)         (E2.5.3.i) 
 















   (E2.5.3.j) 
  𝐾𝐾𝜇𝜇 =
𝐾𝐾𝐿𝐿𝑎𝑎
𝐾𝐾𝐺𝐺𝑎𝑎
          (E2.5.3.k) 
 
Where KG and KL are the overall coefficients and kG and kL the interface coefficients from measure 
value at the interface. The relationship between KLa
KGa





 = (𝜇𝜇𝐴𝐴−𝜇𝜇𝐴𝐴𝐴𝐴)(𝐶𝐶𝐴𝐴𝐴𝐴−𝐶𝐶𝐴𝐴)         (E2.5.3.l) 
 
2.5.3.2. Mass Transfer between the gas-liquid phase of gas bubble sphere 
Aerations is a gas-liquid phase mass transfer process that is essential to the functioning of activated 
sludge (AS) wastewater treatment processes given that the micro-organisms active in an AS system 
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is obligate aerobes (Henze et al., 2008). Within activated sludge systems mass transfer of O2 
molecules from the gas phase to the aqueous phase occurs simultaneously with the desorption 
(stripping) of CO2 molecules from the aqueous phase to the gaseous phase (Coulson and 
Richardson, 1999). As such, the interface layer which relates to the contact area between the gas-
liquid phases can be described as the area of a sphere. On the application of Fick’s law the mass 
transfer rate for a sphere, for molecules of component A, can be expressed as described by 
Equation E2.5.3.m;  
 
  (𝑁𝑁𝜇𝜇)𝜇𝜇 = −(4𝜋𝜋𝑃𝑃2)𝐷𝐷
𝑑𝑑𝐶𝐶𝐴𝐴
𝑑𝑑𝜇𝜇
        (E2.5.3.m) 
 
Where (4πr2) = to the surface area (As) of a sphere and r the radius of the sphere. Bradby and 
Marias (Bradby and Marias, UCT aeration notes) describe the most common expression for the 
rate of oxygenation in water bodies using the Danckwerts (1951) extension for the surface renewal 
theory as shown in equation E2.5.3.r with an amendment to include the interface area as that of a 
sphere (bubble). This is described in equation E2.5.3.n;  
 
  𝑁𝑁𝜇𝜇 =
𝑑𝑑𝐶𝐶𝐴𝐴
𝑑𝑑𝜇𝜇
= (𝐶𝐶𝜇𝜇𝑠𝑠 − 𝐶𝐶𝜇𝜇)𝐴𝐴𝑠𝑠√𝑠𝑠. 𝐷𝐷       (E2.5.3.n) 
 
Where CLs (mg/l) is the saturation concentration of O2 in the liquid phase (assuming that for the 
example of aeration that O2 is saturated at the interface, i.e. CLO2s = CLO2i = PGO2i, for non-reactive 
absorption) and CL (mg/l) is the concentration of air in the bulk aqueous phase. Due to the actual 
difficulty (impossibility) in determining the interphase area for the cumulative bubbles during the 
sparging (bubbling) process within the liquid phase the interface area parameter is included in an 
overall coefficient (KLa) which also incorporates the diffusivity coefficient and surface renewal factor 
relevant to a specific component gas-liquid mass transfer (Ezeji et al., 2005). Equation E2.5.3.n is 
thus rewritten to the form described in equation E2.5.3.o; 
 
  𝑁𝑁𝜇𝜇 =
𝑑𝑑𝐶𝐶𝐶𝐶2
𝑑𝑑𝜇𝜇
= 𝐾𝐾𝜇𝜇𝜇𝜇�𝐶𝐶𝜇𝜇𝐶𝐶2𝑠𝑠 − 𝐶𝐶𝜇𝜇�       (E2.5.3.o) 
 
The expression describes in E2.5.3.x is commonly applied to aeration calculation for water and 
wastewater treatment plants.  
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2.5.3.3. Chemical reactive absorption 
Chemical reactive absorption processes are widely used to produce acid gases, e.g. CO2 and H2S, 
from hydrocarbons, e.g. synthesis gas and biogas from anaerobic digesters, and inert gas mixtures 
(Glasscock and Rochelle, 1989; Horikawa et al., 2004). Reactive absorption processes, unlike the 
case for physical absorption where no chemical reactions occur, is complex with reference to the 
description of its process mass transfer rate given that these processes occur far from their 
thermodynamic equilibrium.  
 
 
18Figure 2.5.3.b: Concentration profile for reactive absorption of compound A with product B as 
from Khan et al. (2011) 
 
As such, the mass transfer theorems based on the equilibrium concept are inadequate and 
inaccurate models for application to describing these absorption processes (Kenig and Seferlis, 
2009). Accurate and reliable models for describing reactive absorption processes include the 
reaction kinetics for the reaction that occurs in the destination phase.  
 
The reactive absorption rate for component A from the gas phase to the liquid phase can be 
described by a modified form of the Whithman (1923) two film theory (Ebrahimi et al., 2003), i.e. 
equation E2.5.3.p, which considers the concentration of component A in the bulk gas and liquid 
phases. 
 
  𝑁𝑁𝜇𝜇 =
𝑑𝑑𝐶𝐶𝐴𝐴
𝑑𝑑𝜇𝜇
= 𝐾𝐾𝐴𝐴�𝑝𝑝𝐴𝐴𝐴𝐴 − 𝐶𝐶𝜇𝜇𝐴𝐴� =       (E2.5.3.p) 
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2.5.3.4. Desorption (stripping) of H2S from a Gas-lift BSR reactor using N2 or CO2 gas 
Gas-liquid stripping (desorption) unit operations can be categorised into two surface and volume 
contactors (Gaddis, 1999). These gas-liquid contactor units can be classified as i) the bubble 
column type, e.g. the reactive absorption unit, and ii) the jet loop reactor type, e.g. the Gas-lift BSR 
reactor (Gaddis, 1999).  
 
The study by Konishi et al. (1996) described the desorption rate of H2S in terms of the net H2S 
production rate as dST
dT
= RA − NA, where RA = �
v
Ys
� μmX and NA = ∅fkLfaf([H2S] − [H2S]f) −
∅bfkLbab([H2S] − [H2S]b). RA refers to the specific growth rate of SRB at sufficient substrate 
concentrations as well as no formation of sulfide precipitants in the BSR environment. NA is the rate 
of H2S desorption, where kLfaf and kLbab are the volumetric liquid phase mass transfer coefficients 
for free surface and the carrier gas respectively (N2(g) in the present study), [H2S]f and [H2S]b are the 
concentrations of H2S in the aqueous phase and gas phase respectively, and øf and øb refer to the 
reaction factors of microbial H2S formation in the unmixed liquid regions. øf and øb are described 








� RA  where DA is the liquid phase diffusion 
constant of H2S. Lahav et al. (2004) described the mass transfer rate for H2S for a turbulent flowing 




= KLa.�[H2S]aq. −  KHPH2S�       (E2.5.3.q) 
 
Where [H2S]aq. refers to the H2S concentration in the aqueous phase, pH2S the partial pressure of 
H2S within the pipeline headspace, KLa and KH the overall liquid-to-gas transfer rate coefficient and 
Henry’s constant for H2S respectively. In the present research, the turbulence within the flowing 
liquid acted as the driving force, as is the case for sparging in a stripping process, for change in the 
H2S desorption rate.  
 
2.5.3.5. The solubility of N2, CO2, H2S, O2 and CH4 gas in an aqueous solution 
Another aspect that must be considered in a gas-liquid contactors operation is the solubility of the 
gas selected to be the carrier gas within the stripping process. In the case of the present research, 
two gases were used during the stripping operation with the Gas-lift BSR unit, namely, nitrogen (N2) 
and carbon dioxide (CO2). The solubility of other gases like H2S and O2 are considered within the 
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present study given that H2S is stripped from the biological reactor and transported to a reactive 
absorption unit. Methane is used as a standard gas for comparison purposes as it is commonly 
considered insoluble within an anaerobic biological reactor for studies on anaerobic digestion (AD) 
studies. The BSR unit considered in the present research operated at 37oC (309 K), while the H2S 
Reactive Absorption unit operated as room temperate of 20oC (293 K). 
 
Grischuk (1957) provides data for O2 solubility in water that is given as 44.33 mg/kg and 33.03 
mg/kg at 293K and 313K, respectively. Grischuk (1957) also gives the solubility of N2 as 19.22 and 
14.63 mg/kg of N2 in water at 293 and 313K, respectively. Wilhelm et al. (1976) reported the 
solubility of N2, O2, CO2, H2S and CH4 in water in mg/kg of gas, at 1 atm., as presented in Table 
2.5.3.5 below; 
8Table 2.5.3.5.: The solubility of Gas in water @ Temperatures 
Gas units @298.15 K (25oC) @308.15 K (35oC) 
N2 mg/kg 44.464 40.544 
O2 mg/kg 417.44 362.4 
CO2 mg/kg 1526.6 1196.18 
H2S mg/kg 4029.4 2890.4 
CH4 mg/kg 54.32 47.36 
 
This table clearly shows that N2 and CH4 gas have a significantly lower solubility in water than CO2 
and H2S. O2 gas is not as soluble relative to H2S and CO2 but a high order solubility comparable to 
that of N2 and CH4. It can be concluded that N2 gas is a relatively insoluble carrier gas when used 
as a stripping process and as such would not play any direct role in the aquatic chemistry of a 
biological reactor system. However, CO2, with its higher solubility, used as a carrier gas in a 
stripping process, would have a notable effect on the aquatic chemistry of a biological reactor 
system.  
 
2.5.4. Oxidation and Reduction (Redox) reactions 
Oxidation-reduction (redox) reactions differ from dissociation-association reactions, where protons 
are accepted or donated, in that for redox reactions electrons (e-) are being transferred within this 
reaction resulting in different oxidation states of the reactants and the products (Stumm and 
Morgan, 1996, Mooruth and Van Hille, 2013). As there can be no free electrons each oxidation 
reaction is paired with a reduction reaction, e.g. 1) biological sulfate reduction using Acetic Acid as 
carbon source and e- donor is shown in E2.5.4.a (Stumm and Morgan, 1996; Hockin and Gadd, 
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2003), 2) sulfide oxidation to form elemental S under limited oxygen condition is shown in E2.5.4.b 
and 3) the case where H2S reacts in a Fe3+ solution to produce Fe2+ and S0, as shown by equation 
E2.5.4.c; 
 
1) Biological sulfide Reduction (BSR): 
Oxidation reaction:       𝐶𝐶2𝐻𝐻4𝑂𝑂2  +  2𝐻𝐻2𝑂𝑂   = 2𝐶𝐶𝑂𝑂2 + 8𝐻𝐻+ + 8𝐹𝐹− 
Reduction reaction:    𝑆𝑆𝑂𝑂42− + 9𝐻𝐻+ +  8𝐹𝐹− =  𝐻𝐻𝑆𝑆− + 4𝐻𝐻2𝑂𝑂     log Ke-SO= 34.0 
Redox Reaction:        𝐶𝐶2𝐻𝐻4𝑂𝑂2 + 𝑆𝑆𝑂𝑂42− + 𝐻𝐻+    =  𝐻𝐻𝑆𝑆− + 2𝐶𝐶𝑂𝑂2 + 2𝐻𝐻2𝑂𝑂   (E2.5.4.a) 
 
2) Biological sulfide Reduction (BSR): 
Oxidation reaction:     𝐻𝐻𝑆𝑆− = 𝑆𝑆0 + 𝐻𝐻+ + 2𝐹𝐹−         log Ke-HS-S = 2.2 
Reduction reaction:   1
2
𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 +  2𝐹𝐹− =  2𝑂𝑂𝐻𝐻−            log Ke-O-OH= 13.6 
Redox Reaction:   𝐻𝐻𝑆𝑆− + 1
2
𝑂𝑂2 =  𝑆𝑆0 + 𝑂𝑂𝐻𝐻−    (E2.5.4.b) 
 
3) Sulfide oxidation to form elemental Sulfur: 
Oxidation reaction:          𝐻𝐻2𝑆𝑆   =     𝑆𝑆0 + 2𝐻𝐻+ + 2𝐹𝐹−       log Ke-HS-S= 2.2 
Reduction reaction:    2𝐹𝐹𝐹𝐹3+ +    2𝐹𝐹− =  2𝐹𝐹𝐹𝐹2+        log Ke-Fe2-Fe3 =26.0 
Redox Reaction:  2𝐹𝐹𝐹𝐹3+ +  𝐻𝐻2𝑆𝑆   =  2𝐹𝐹𝐹𝐹2+ +     𝑆𝑆0 + 2𝐻𝐻+  (E2.5.4.c) 
 
To ensure continuity within the oxidation and reduction state of reaction stoichiometry, a charge 
balance is preformed over the system (Volcke et al., 2006; Ekama, 2009, Harding et al. 2009). Also, 
redox reaction can be physico-chemical reactions or biologically mediated reactions (Janssen et 
al., 1998).  
 
Stumm and Morgan (1996) clarifies that aqueous solutions do not, in reality, contain free electrons 
but that the possibility to define the relative electron and proton activity is a useful tool applied to 
realise measurements such at pH and redox intensity (pԐ). The redox intensity is a parameter that 
describes the hypothetical electron activity at equilibrium which relates to the potential of an 
aqueous solution to accept or donate electrons. This is represented by equation E2.5.4.d;  
 
 𝑝𝑝𝑝𝑝 =  −𝑙𝑙𝑙𝑙𝑙𝑙{𝐹𝐹}        (E2.5.4.d) 
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As such, within a highly reducing solution, the potential for electron donation is high, and for the 
case of a highly oxidising solution, the potential of e- acceptance is high. At low pԐ measurement 
value, the activity of the hypothetical e- is high, which in turn indicates a relatively high tendency of 
reduction within an aqueous solution.  
 
The pԐ-pH diagram, also known as the Pourbaix diagram, is a simplified but comprehensive method 
used to combine both the proton activity, from dissociation-association equilibrium reaction, e.g. 
weak acid-base reactions, and the electron activity, from oxidation-reduction reactions. A Pourbaix 
diagram can be constructed for a system with known concentrations of, e.g. [SO42-], [HSO4-], [HS-] 
and [S0] from equations E2.5.4.e to h; 
 
  𝑆𝑆𝑂𝑂42− + 10𝐻𝐻+ +  8𝐹𝐹− =  𝐻𝐻2𝑆𝑆 + 4𝐻𝐻2𝑂𝑂    (log Ke-SO-H2S= 41.0)  (E2.5.4.e) 
  𝐻𝐻𝑆𝑆𝑂𝑂4− + 7𝐻𝐻+ +  6𝐹𝐹− =  𝑆𝑆0 +  4𝐻𝐻2𝑂𝑂  (log Ke-HSO-S= 34.2)  (E2.5.4.f) 
                               𝐻𝐻𝑆𝑆𝑂𝑂4− =  𝑆𝑆𝑂𝑂42− + 𝐻𝐻+  (log Ke-HSO-SO= -2.0)  (E2.5.4.g) 
                               𝐻𝐻2𝑆𝑆 =  𝐻𝐻𝑆𝑆− + 𝐻𝐻+  (log Ke-H2S-HS= -7.0)  (E2.5.4.h) 
 
Applying the methods described from equations E2.5.4e to h, are some of the reactions that can 
be graphical display a Pourbiax diagram (pԐ-pH), Figure 2.5.4.a below, This diagram was reported 
in Loewenthal et al. (2008) for the treatment of aq sulfate-rich water source.  
 
 
Chapter Two                                                                                                          State of the Art 
 
66 | P a g e  
 
19Figure 2.5.4.a: Pourbaix diagram with max. dissolved S species at 1M. reported by Loewenthal et 
al. (2008) 
 
Also, to develop a pԐ-pH diagram, the relevant species concentrations must be known along with 
the pH and the pԐ. However, the electron activity (pԐ) is not a directly measured parameter like the 
species concentrations and pH parameters, but pԐ can be related to the redox potential (Eh). Van 
Scherpenzeel et al. (1998) reported the redox potential for Fe2+ bio-oxidation using an adapted 
Nernst expression as shown in equation E2.5.4.i, 
 






+        (E2.5.4.i) 
 
The study by Van Scherpenzeel et al. (1998) further reported the standard redox potential of 
770mV.  
 
2.6. Sulfide Gas Reactive Absorption and Sulfur formation 
The direct discharge of hydrogen sulfide gas, which is a typical product of petroleum processes, 
into the atmosphere is undesirable due to its toxic nature and as such gas flare (stack) methods 
are applicated to react H2S gas with oxygen. However, the flaring of H2S gas results in the formation 
of SO2 (g), which is the leading cause of acid rain. Hydrogen sulfide gas can be treated in a gas-
liquid contact process in which the H2S(g) is absorbed and oxidised to elemental S (S0) using an 
aqueous Fe3+ solution (Fe3+) as the absorbent (Gholami et al., 2009) as earlier described by 
equation E2.6.a,  
 
 2𝐹𝐹𝐹𝐹(𝜇𝜇𝑎𝑎)3+ +  𝐻𝐻2𝑆𝑆(𝜇𝜇𝑎𝑎)    =  2𝐹𝐹𝐹𝐹(𝜇𝜇𝑎𝑎)2+ +     𝑆𝑆(𝑠𝑠)0 + 2𝐻𝐻+    (E2.6.a) 
 
The Gholami et al. (2009) study reported the reaction of Fe3+(aq) and H2S(aq), in an operating pH 
range of 0.8 to 2 using N2 as carrier gas (inert gas), proceeded in an irreversible and first-order 
reaction for both species to produce Fe2+ and S0. Figure 2.6.a shows a flow diagram of the coupling 
of the Gas-lift BSR reactor to the H2S reactive absorption unit as was applied within the present 
study.  
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20Figure 2.6.a: The Coupling of the BSR Gas-lift BSR unit to the H2S gas Reactive Absorption unit 
 
This reaction is beneficial given that the H2S treatment process where elemental S is produced 
adds economic and environmental value to the sulfate-reducing process.  
 
The reactive absorption of H2S gas in a Fe3+ solution prepared from Fe2(SO4)3, based on the studies 
by Ebrahimi et al. (2003), was reviewed in Section 2.5.3.6. Ebrahimi et al. (2003) reported a detailed 
description of mass transfer for the reactive absorption of H2S gas in an aqueous Fe3+ solution 
which is an application of the two-film theory for the H2S reactive absorption process as described 
equation E2.6a 
 
  𝑁𝑁𝜇𝜇2𝜇𝜇 =
𝑑𝑑𝐶𝐶𝐻𝐻2𝑆𝑆
𝑑𝑑𝜇𝜇
= 𝐾𝐾𝐴𝐴�𝑝𝑝𝐴𝐴𝐴𝐴𝐻𝐻2𝑆𝑆 − 𝐶𝐶𝜇𝜇𝐻𝐻2𝑆𝑆 �       (E2.6.a) 
 
Furthermore, Ebrahimi et al. (2003) also reported that for low concentration of aqueous Fe3+ iron 
solutions (less than 0.3 mol/L (120 g/l) of Fe2(SO4)3, an increase in the absorption rate of H2S is 
observed with increased Fe3+ iron concentration. This relates to the actual aqueous 
Fe3+concentration of less than 0.6 mol/l in solution (Asia et al.,1990). Ebrahimi et al. (2003) studied 
the absorption of H2S into a stirred tank reactor operated in batch mode within a pH range of 2 to 
0.8. Their study described the absorption process as shown in equation E2.6.b, 
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JA = KG(pA − CAHe)           (E2.6.b) 
 
Where JA is the flux, KG is the overall transfer coefficient, CA is the concentration in the gas phase 
and He is Henry’s coefficient. They also reported that the reaction of H2S and Fe3+ is rapid and 
complete so that it can be expected that no H2S is expelled during this absorption process even at 
relatively short retention times. The reaction rate can be expressed as equation E2.6.c below; 
 
r = k1CH2SCFe3+          (E2.6.c) 
 
where ln k1 = 32.98 −
7.52
T
 where T refers to the temperature in K.  
 
From X-ray detraction (XRD) analysis of the precipitate formed in the H2S reactive absorption unit, 
studies in the present research, it was estimated that up to 10% precipitate analysed, was not 
elemental S but a mixture of iron-based mineral which included siderite (FeCO3), goethite (FeO(OH) 
and iron sulfide (FeS). The formation of this iron-based precipitant was described in Section 2.5.2 
of this thesis. However, it should be noted that the crystallisation of siderite (FeCO3), described in 
equation E2.5.2e, was preceded by a physical or reactive absorption process of CO2 from the carrier 
gas to the aqueous phase dependent on the rate of formation of this mineral. The same expression 
that described the reactive absorption of H2S, Section 2.5.3.6, or the absorption of CO2 to the Gas-
lift reactor, Section 2.5.3.7, is used in this scenario to determine the mass transfer rate for CO2.  
 
𝐹𝐹𝐹𝐹2+ + 𝐻𝐻2𝐶𝐶𝑂𝑂3∗  ⇌ 𝐹𝐹𝐹𝐹𝐶𝐶𝑂𝑂3 ↓ +  2𝐻𝐻+      (E2.5.2.e) 
 
The mass transfer of CO2 from the carrier gas to the reactive absorption units are described in 
Section 6.4 of this thesis.  
 
2.7. Ferrous Biological Oxidation  
In Section 2.6, the H2S reactive absorption process used aqueous Fe3+ as the electron acceptor for 
the oxidation of sulfide (H2S) to elemental S oxidation (S0). The reduction reaction of Fe3+ produced 
ferrous (Fe2+) as its product. The inclusion of this sulfide stabilisation process promotes the 
environmental sustainability agenda of the research. However, the continued production and 
discarding of aqueous waste Fe2+  would result in higher operational cost of hazardous waste 
disposal. The inclusion of a biological ferrous oxidation process in the configuration of the BSR-
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gas-lift integrated system, ensure adherence economic viability and allows for the application of 
circular economic principals.  
 
The biological regeneration of Fe3+ iron significantly reduces the need for external dosing Fe3+, as 
Fe2(SO4)3, to the aqueous medium in the reactive absorption unit and, thus, reducing the amount 
of waste iron solution expelled from the system. Figure 2.7.a shows a flow diagram of the coupling 
(loop) of the H2S reactive absorption unit to the Fe2+ biological oxidation unit as was applied within 
the present study.  
 
21Figure 2.7.a: The Coupling of the H2S gas Reactive Absorption unit and the Fe2+ Bio-oxidation 
unit 
 
2.7.1. Ferrous Biological Oxidation Microorganism 
Ferrous (Fe2+) is biologically oxidised to Fe3+ in a reaction mediated by microorganism groups , 
namely Acidithiobacillus (A.) ferrooxidans, Leptospirillum (L.) ferrooxidans, Acidithiobacillus 
thiooxidans and Leptospirillum ferriphilum (Ojumu et al., 2006; Dave., 2008). These microorganisms 
are obligate aerobes and thus need oxygen as electron acceptor (Suzuki et al., 1990). Ferrous 
(Fe2+) oxidising bacteria can primarily be categorised as chemolithotrophic bacteria, which obtain 
energy (catabolic process), from the oxidation of inorganic compounds, namely Fe2+ (e- donor), and 
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oxygen the e- acceptor for aerobic conditions (Shively et al., 1998). Furthermore, some Fe2+ 
oxidising bacteria, namely Leptospirillum ferriphilum, which is the active microorganism within the 
present study, are obligate autotrophic bacteria which only use carbon dioxide (CO2) as carbon 
source to sustain the anabolic processes (van Scherpenzeel et al., 1998; Ozkaya et al., 2007; 
Ojumu et al., 2008; Duku et al., 2011; Fast and Papoutsakis, 2012). As such Fe2+ oxidising bacteria, 
, namely Leptospirillum ferriphilum is classified as chemolithoautotrophic bacteria in which CO2 
assimilation occurs via the Calvin–Benson reductive pentose phosphate cycle (Shively et al., 1998; 
Duku et al., 2011). The Calvin–Benson cycle is presented in Figure 2.7.1.a. 
 
22Figure 2.7.1.a: Calvin-Benson reductive pentose phosphate cycle reported by Berg (2011) 
 
The Benson reductive pentose phosphate process is a very important mechanism of autotrophic 
CO2 assimilation in which 9 ATP equivalent and four NADPHs is used to produce one 
Glyceraldehyde 3-phosphate (Tyson et al., 2004; Berg, 2011; Mi et al., 2011). Glyceraldehyde 3-
phosphate is an intermediate organic compound used in several metabolic pathways of all 
organisms. Mi et al. (2011) describe the production of cellulose and cellobiose from glyceraldehyde 
3-phosphate as presented in Figure 2.7.1.b. 
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23Figure 2.7.1.b: cellulose production from glyceraldehyde 3-P reported by Mi (2011) 
 
Fe2+ oxidising bacteria also require other nutrients like nitrogen (N), and phosphorus (P) for cell 
growth and synthesis along with trace metals, namely K, Mg, Na, Ca and Co. Vishniac et al. (1957) 
proposed a trace metal composition added to the growth medium fed to A. Ferrooxidans, which was 
also used in various other experimental studies, namely that of Breed et al. (1999). The use of 
biological contact processes, namely packed-bed reactor and fluidised bed configurations to 
immobilise the Fe2+ oxidising bacteria is advantageous given that it ensures the capacity for higher 
stream velocities through the reactor unit with reduced occurrence of washout of bacteria during 
high rate operations. Kahrizi et al. (2008) also reported Fe2+ iron bio-oxidation rates of greater than 
6.7 gFe/(l.h) for 3.5/h dilution rates (D) using monolithic particles as packing in a reactor unit. Mesa 
et al. (2002) reported a 98% Fe2+ iron use in a reactor using polyurethane foam as packing at a 
dilution rate (D) of 0.11/h.  
 
2.7.2. Reaction Stoichiometry 
The key reaction that occurs in the Fe2+ bio-oxidation unit is the biologically mediated oxidation of 
Fe2+ to Fe3+. This is a redox reaction that describes the catabolic pathway for the Leptospirillum 
ferriphilum bacteria used within this process and can be described by equation E2.7.2.a, 
 
Oxidation reaction:       2𝐹𝐹𝐹𝐹2+    =  2𝐹𝐹𝐹𝐹3+ +    2𝐹𝐹−     𝐸𝐸ℎ0    =  −770𝑚𝑚𝑉𝑉 
Reduction reaction:    1
2
𝑂𝑂2 + 2 𝐻𝐻+ +  2𝐹𝐹− = 𝐻𝐻2𝑂𝑂                𝐸𝐸ℎ
0    = +1230𝑚𝑚𝑉𝑉   
Redox Reaction:  𝟐𝟐𝑭𝑭𝑭𝑭𝟐𝟐+ +  𝟏𝟏
𝟐𝟐
𝑶𝑶𝟐𝟐 + 𝟐𝟐 𝑯𝑯+    =  𝟐𝟐𝑭𝑭𝑭𝑭𝟑𝟑+ + 𝑯𝑯𝟐𝟐𝑶𝑶  (E2.7.2.a) 
 
Chapter Two                                                                                                          State of the Art 
 
72 | P a g e  
 
This chemolithoautotrophic bacteria uses CO2 as its carbon source in an anabolic pathway, growth 
process (Ekama et al., 2019), describes by equation E2.7.2.b 
 
 𝑌𝑌𝜇𝜇𝐿𝐿 𝑯𝑯𝟐𝟐𝑭𝑭𝑶𝑶𝟑𝟑∗ + 𝑌𝑌𝜇𝜇𝐿𝐿 𝑵𝑵𝑯𝑯𝟒𝟒+ +  �−
𝟒𝟒.𝟐𝟐
𝟒𝟒
� 𝑌𝑌𝜇𝜇𝐿𝐿𝑶𝑶𝟐𝟐   
𝝁𝝁𝑳𝑳𝑳𝑳��  𝑌𝑌𝜇𝜇𝐿𝐿𝑭𝑭𝑯𝑯𝟏𝟏.𝟖𝟖𝑶𝑶𝟎𝟎.𝟓𝟓𝑵𝑵𝟎𝟎.𝟐𝟐 + (−0.6)𝑌𝑌𝜇𝜇𝐿𝐿𝑯𝑯𝟐𝟐𝑶𝑶 
           (E2.7.2.b) 
 
Where YLX (g/g) is the yield coefficient for the growth of Leptospirillum ferriphilum bacteria as 
(mgVSS/mgVSS) and μLX the specific growth rate of the active mass. Jones and Kelly (1983) 
described the elemental composition of Leptospirillum ferriphilum bacteria as CH1.8O0.5N0.2. The 
catabolic pathway expression as described in E2.7.2.a can be rearranged to include the yield 




𝑭𝑭𝑭𝑭𝟐𝟐+ +  𝟏𝟏
4∙𝑌𝑌𝐿𝐿𝐿𝐿
𝑶𝑶𝟐𝟐 +  
𝟏𝟏
𝑌𝑌𝐿𝐿𝐿𝐿





 𝑯𝑯𝟐𝟐𝑶𝑶  (E2.7.2.c) 
 
Finally, the metabolic process for the Fe2+ biological oxidation can be described by the sum of the 
catabolic and anabolic pathways as shown in equation E2.7.2.d (Merino et al., 2010; Duku et al., 
2011).  
 
  𝑯𝑯𝟐𝟐𝑭𝑭𝑶𝑶𝟑𝟑∗ +  
𝟏𝟏
𝑌𝑌𝐿𝐿𝐿𝐿
𝑭𝑭𝑭𝑭𝟐𝟐+ + 0.2 𝑵𝑵𝑯𝑯𝟒𝟒+ +  �
𝟏𝟏−𝟒𝟒.𝟐𝟐𝑌𝑌𝐿𝐿𝐿𝐿
𝟒𝟒𝑌𝑌𝐿𝐿𝐿𝐿




0.2�  𝑯𝑯+      
𝝁𝝁𝑳𝑳𝑳𝑳��  𝑭𝑭𝑯𝑯𝟏𝟏.𝟖𝟖𝑶𝑶𝟎𝟎.𝟓𝟓𝑵𝑵𝟎𝟎.𝟐𝟐 +
𝟏𝟏
𝑌𝑌𝐿𝐿𝐿𝐿
𝑭𝑭𝑭𝑭𝟑𝟑+ + � 𝟏𝟏
2∙𝑌𝑌𝐿𝐿𝐿𝐿
− 0.6�  𝑯𝑯𝟐𝟐𝑶𝑶  (E2.7.2.d) 
 
Where 1 mole of biomass, in its 1 mole C formed (CH1.8O0.5N0.2), per mole Fe2+ used.  
 
In most cases, the rate equations describing growth and Fe2+ substrate use have been modified to 
incorporate variation in temperature, pH and inhibition factors. Commonly ferrous oxidation bacteria 
operate within a pH range of range higher than 1.2 but not greater than 2.2 (Alemzade et al., 2008). 
Leptospirillum ferriphilum bacteria function within the mesophilic temperature range (30 to 40 oC) 
with the effect of temperature on substrate {Fe2+} use being described in an Arrhenius form (Nemati 
et al., 1998). Various studies recommend that the Fe2+ bio-oxidation process should be operated at 
an ORP of greater than +450mV Ag/AgCl to promote and maintain higher oxidation state conditions 
within the biotic environment (Stumm and Morgan, 1996).  
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2.8. Wastewater Treatment Modelling and Simulation 
The development of mathematical models for biological wastewater treatment commenced in the 
1960s with the publication of a Monod-based nitrification model by Downing et al. (1964) and 
significantly advance towards broader scale models of activated sludge system in the 1970s by the 
developments at the Water Research Group from the University of Cape Town (UCT) (Gujer, 2006, 
Ekama and Tacaks, 2014). Mathematical models of biological wastewater treatment systems, 
including activated sludge, anaerobic digestion and biological sulfate removal, provide a convenient 
quantitative tool for use in plant design, control design, cost analysis, research and development or 
process evaluations containing a reliable, economical and time-saving alternative to experimental 
methods (Bastin and Van Impe, 1995; Langergraber et al., 2004; Corominas et al., 2010). However, 
the reliability and usefulness of these models are a function of their ability to predict the behaviour 
of the considered systems accurately. The first consideration in the development of wastewater 
treatment model is the selection of the most suitable state for modelling, which can be i) a steady-
state (static) model or ii) a dynamic model (Dochain and Vanrolleghem, 2001).  
 
Wastewater treatment models comprise two key parts which are 1) the reaction stoichiometry and 
2) the reaction rate kinetics (Harding et al., 2009; Ikumi et al., 2011). The reaction stoichiometry, be 
it biological or physico-chemical, describes the reactants and products of a reaction, the phase of 
each component, whether a reaction is reversible, e.g. equilibrium or irreversible reaction, e.g. 
biological reactions and ensures a mass and charge balance for each element and the charge of 
the reaction (Volcke et al., 2006; Ekama, 2019). The reaction kinetics in wastewater treatment 
process modelling describes the reaction rates for substrate or reactant use (ρx), growth rates (μx), 
respiration or decay rates (bx), inhibition factor (Ix), physico-chemical reaction and liquid-solid 
transfer rates (rx), e.g. precipitation or dissolution, gas-liquid mass transfer (Nx) and equilibrium 
rates (kx or Kx), where x refers to particular, chemical, physical or biological processes (Stumm and 
Morgan, 1996; Dochain and Vanrolleghem, 2001; Batstone et al., 2002; Corominas et al., 2010).  
 
Processes in wastewater treatment, namely activated sludge (AS), anaerobic digestion (AD) and 
BSR systems contain multiple components involved in various reactions, i.e. biological and physico-
chemical where the reactants and products exist in gas, aqueous, solid or combinations of phases. 
Modelling the transport and transformation of these components in multiple phases mediated 
physico-chemically or biologically are complex processes and result in complex models to produce 
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acceptable and reliable predictions. Due to their complexity, these models require suitable methods 
of presentation for purposes of reviewing and implementation. The Gujer Matrix model structure 
provides a comprehensive solution for the presentation of complex chemical, physical and biological 
process models implemented in popular specialised simulation software, e.g. Aquasim®, GPS-X®, 
Simba ®, STOAT, WEST® and BIOSIM® for wastewater treatment simulations (Claeys et al., 
2008). 
 
2.8.1. Modelling Reactions Stoichiometry 
The mass balance of elements, compounds and charges in biological reactions are ensured via. 
the use of stoichiometric parameters, namely yield (Yx) and mass fractions (ƒx) coefficients 
(Corominas et al., 2010). Hauduc et al. (2010) evaluated activated sludge models frequently used 
in wastewater treatment plant simulation tools used in plant design, research, automation and 
optimisation. The models evaluated by Hauduc et al. (2010) were ASM1, ASM2d, ASM3, ASM3+ 
Bio-P, ASM2d+ TUD, New General and UCTPHO+. Hauduc et al. (2010) developed a Microsoft ® 
Excel ® spreadsheet that checks the elemental mass and charge balances and kinetic consistency 
of bioprocess models in the Gujer Matrix format. Hauduc et al. (2010) concluded that the quality 
and accuracy of simulation results were affected by errors in the models exposed by the Gujer 
Matrix approach. They further reported that their use of the systematic approach would limit errors 
that commonly occur during model development work. 
 
2.8.2. Modeling Reaction Kinetics 
The modelling of reactions, whether chemically driven or biologically mediated; consists primarily 
of two parts, 1) the reaction stoichiometry linking the reactants and products, and 2) the reaction 
rates or kinetics describing the rate at which reactants are transformed into products. The kinetics 
of reactions are traditionally described by reaction rate equations which mostly are first order, 
ordinary differential equations (ODE’s) commonly relating the rate of change of a reactant 
(substrate) to products with time (Resat et al., 2009). These rate equations are nonlinear, for 
biological reactions. Due to the influence of various external factors, namely temperature, pH and 
inhibition by-product and reactant concentrations. The chemical, physical or biological reaction 
rates vary over a wide range from rapid to very slow. Rapid rates can be considered instantaneous, 
e.g. the aqueous equilibrium and ion-pairing reactions, and so described by algebraic equations 
(DAEs) under certain simplified assumptions given that they reach equilibrium at each (even short) 
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time interval, e.g. aqueous equilibrium reaction (Dochain and Vanrolleghem, 2001). The slow 
reactions, namely evolution, biological or chemical precipitation are solved using ODEs. 
 
2.8.2.1. Kinetic rate equation used in wastewater modelling 
For the hydrolysis of sewage sludge, e.g. primary or waste activated, Sötemann et al. (2006) 
considered four different rate equations from simple 1st order kinetics to complex Saturation 




dt = Kh𝑆𝑆𝜇𝜇𝐾𝐾         (E2.8.2.a.i) 
dS
dt = KH𝑆𝑆𝜇𝜇𝐾𝐾𝑋𝑋𝑥𝑥         (E2.8.2.a.ii) 
 
Where KH and Kh are the 1st order rate kinetic constant and specific 1st order rate constant, 
respectively, Sbp is the particulate biodegradable organics (mgCOD/l) and X biomass concentration 
(mgVSS/l) for microorganism’s species x, i.e. acidogens which mediate hydrolysis of BPO. 
However, these reaction rate equations only apply’s to linear reaction rates. 
 
Monod kinetics is the most frequently used biological rate equation used to describe biomass 
growth and substrate use in biological wastewater modelling (Contois, 1959; Grau et al., 1975). 
Monod et al. (1942) conducted growth studies on bacterial cultures to determine an empirical model 
of the relationship between the specific growth rate of a bacteria population and the concentration 








�       (E2.8.2.b) 
 
Where μmax is the maximum growth rate, S is the surrounding growth-limiting substrate 
concentration and Ks is the half-saturation constant, which is the substrate concentration at which 
the specific growth rate is half of the maximum used. However, Monod (1942) considered the half-
saturation constant (Ks) to be independent of the biomass population density. The Monod equation 
moves between 1st order and zero-order at low and high substrate concentrations, respectively. 
This is shown in Figure 2.8.2.a below. 
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24Figure 2.8.2.a: Monod Plot reported by McCarty and Criddle (2012) 
 
By multiplying equation E2.8.2.b by the biomass concentration (X), the Monod kinetics can 






� 𝑋𝑋𝜇𝜇         (E2.8.2.c) 
 
This Monod rate equation describes the rate of biomass growth and used in the IWA ASM models 
(Henze et al. 2000). Alternatively, when substrate use is made the subject of the reaction 
stoichiometry, e.g. �𝑑𝑑𝜇𝜇
𝑑𝑑𝜇𝜇
� 𝑌𝑌 = �𝑑𝑑𝐿𝐿
𝑑𝑑𝜇𝜇
�, the kinetic rate for specific substrate use (McCarty and Criddle, 
















 is the maximum specific rate of substrate use and Y the biomass yield coefficient 
for the specific biomass (Echiegu, 2014). The yield coefficient can be determined from the rate of 
consumption of the substrate and the rate of production of the biomass. Hu et al. (2002) reported 
that although Monod kinetics has been applied with considerable success in describing the kinetics 
of dissolved substrates, like ammonia in Downing et al. (1964) and readily biodegradable dissolved 
organic substrates. This is principally the substrate is dissolved, and Monod kinetics expresses the 
substrate concentration with respect to the bulk liquid.  
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Contois (1959) attributed the change between biomass population density and the half-saturation 
constant, described by Monod (1942), due to changing reactor environmental conditions that are 
the results of high biomass population density. Contois (1959) derived a growth rate equation from 
the Monod equations that consider a relationship where the specific growth half-saturation is a 
function of the biomass population density. This Contois growth rate equation is shown in equation 




         (E2.8.2.e) 
 
Where Kc is the Contois growth coefficient. The use of the Contois model, in various modified forms, 
have been reported in various application, e.g. activated sludge modelling (Dold et al., 1980, 
Bhattacharya and Khai, 1987; Ghaly et al, 2000), anaerobic digestion (Hu et al., 2002, Sötemann 
et al., 2005a), Biological Sulfate reduction (Moosa et al., 2002).  
 
Sötemann et al. (2005a) also applied Saturation kinetics to describe the hydrolysis rate for primary 







𝑋𝑋𝑥𝑥        (E2.8.2.f) 
 
Where KM is maximum substrate consumption rate and Ks the half-saturation constant, i.e. the 
substrate/active biomass ratio at which the consumption rate is half the maximum. The specific 
kinetics applied commonly to BSR, sulfide bio-oxidation and ferrous bio-oxidation are discussed in 
more detail in Sections 2.8.2.2 to 2.8.2.4 (below). Chen and Hashimoto (1980) described the 
transformation of the Contois kinetics equation for substrate use where the effluent substrate (Se) 
is used as an input variable in a volumetric substrate consumption rate form and where hydraulic 






� � 1−𝐾𝐾𝑠𝑠(𝜇𝜇𝑚𝑚𝜃𝜃−1+𝐾𝐾𝜇𝜇)�       (E2.8.2.g) 
 
Where F is the volumetric substrate consumption rate, Si is the influent substrate concentration, θ 
is the hydraulic retention time and Kc is the Contois growth coefficient. Sötemann et al. (2006) and 
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Ikumi et al. (2013) reported the Contois or Saturation kinetic equation for particulate organic (BPO) 
















�       (E2.8.2.h) 
 
Where rHYD is the volumetric hydrolysis rate for BPO (g.l-1.d-1) and Xb,x is the concentration of 
biomass (g.l-1). Also, the Se at a specific hydraulic retention time (t) is determined using the equation 




















    (E2.8.2.i) 
 
Where th is the hydraulic retention time (d) and kd the lysis endogenous mass loss rate constant (d-
1).  
 
2.8.2.2. Biological sulfate reduction modelling 
Various studies focusing on biological sulfate reduction used kinetic rate mathematical expressions 
to describe substrate consumption, growth, decay and inhibition of the BSR reactions (Fedorovich 
and Kalyuzhnyi, 1998; Moosa and Harrison, 2006; Poinapen and Ekama, 2010). The kinetic rates 
for substrate use and biomass growth within a BSR system have frequently used the Monod or 
Contois kinetic expressions (Moosa et al., 2002; Fedorovich et al., 2003; Oyekola et al., 2009). The 
effect of H2S product inhibition on sulfide reduction bacteria have also been reported in various 
studies for different reactor types and incorporated to the growth and substrate use kinetic rate 
expressions (Hilton and Oleszkiewicz, 1988; O’Flaherty et al. 1998; Moosa et al., 2002). Fedorovich 
et al. (2003) reported an extension to ADM1 that included the activities of SRB as competitive 
behaviour with methane-producing archaea (MPAs) and acetogenic bacteria (ABs) for intermediate 
substrate, i.e. VFAs (C2, C3 and C4) based on data from the study by Omil et al. (1996). They 
described the kinetics for substrate consumption rate, which included both sulfate and organic 
substrate use shown by equation E2.8.2.j, 
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� . XSRB. IpH. IH2S     (E2.8.2.j) 
 
Where Se and SSO4 refer to the organic substrate and sulfate concentrations respectively and Kmax 
and Ks to the kinetic constants for maximum substrate use and Monod saturation coefficient, 
respectively. Fedorovich et al. (2003) included inhibition factors for pH (IpH) and sulfide (IH2S) in the 
substrate use model. Kalyuzhnyi et al. (1998) accounted for undissociated H2S inhibition by first-
order kinetics in the rate equation for the specific growth of SRB (µ) as presented in equation 










      (E2.8.2.k) 
rd = −kd ∙ XSRB         (E2.8.2.l) 
 
Where kd is the decay coefficient. Moosa et al. (2002) used the Pirt equation (1975) to relate 








+ mS[XSRB] = �
1
Yx/S
� (μ − kd)[XSRB] + mS[XSRB]   (E2.8.2.m) 
 
Where ms is the maintenance coefficient. Moosa et al. (2005) extended the kinetic equation for 
substrate use presented in equation E2.8.2.j that incorporates the effects of temperature changes 
on the consumption rate by implementing temperature in an Arrhenius type function to the rate 
expression.  
 
2.8.2.3. Sulfide Oxidation under limited oxygen conditions and polysulfide formation 
Section 2.4 of this thesis reviewed the topic of biological sulfide oxidation in the presence of limited 
oxygen within the BSR environment, without significant inhibition of SRB activity, to produce 
elemental S (S0) which included all the associated reaction stoichiometries. However, the reaction 
rate expressions and their kinetic parameters were not considered in Section 2.4. and so are 
presented below.  
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Various studies thesis the use of 2nd order kinetics to describe chemical sulfide oxidation (Chen and 
Morris, 1972; Gonzalez-Sanchez et al., 2007; Luther et al., 2011; Wilmot et al., 2013). This is shown 




−][𝑂𝑂2]        (E2.8.2.n) 
 
Where k is the chemical oxidation rate constant. Namgung and Song (2015) reported the biological 
oxidation of sulfide by Acidithiobacillus thiooxidans sp. and reported H2S consumption rate using 
mathematical expression E2.8.2.o, 
 
dSHS−






∙ exp �−𝐹𝐹𝑒𝑒𝑝𝑝 �𝐾𝐾𝑐𝑐−
[𝜇𝜇2]𝑎𝑎𝑎𝑎.
𝐾𝐾𝑐𝑐
��   (E2.8.2.o) 
 
Where Ks is the Monod constant, Ko is the kinetic constant for oxygen use by SOB stain. Their 
study reported μmax = 0.037 (h-1), Ks =0.15 (mgS/l), Ko = 1.1 (mgO/l) and YSOB = 0.093 
(mgVSS/mgS).  
 
2.8.2.4. Biological Fe3+ regeneration (Ferrous bio-oxidation) modelling 
Section 2.7 reviewed the background and reaction stoichiometry for biological ferrous oxidation. 
The studies by Kelly and Jones (1978), Liu et al. (1988) and Penev and Karamanev (2008) 
described the growth rate of Fe2+ oxidation bacteria using a modified Monod expression as shown 














        (E2.8.2.q) 
 
Where µ and µmax refer to the specific growth rate and maximum specific growth rate of Fe2+ 
oxidation bacteria respectively, and Ks, Kp and Kc the specific substrate and inhibition constants.  
 
Ozkaya et al. (2006) reported that the kinetics of Fe2+ oxidation by Leptospirillum ferriphilum can be 
described using the Haldane expression as shown in equation E2.8.2.r, 
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� X𝐹𝐹𝑀𝑀2+      (E2.8.2.r) 
 
Where S is the Fe2+ concentration in mgFe/l, qmax is maximum specific Fe2+ oxidation rate (mgFe2+/ 
mgVSS.h), Ks and Ki the half-saturation and inhibition concentrations (mg/l) and Kii is the 
competitive inhibition constants of Fe3+ on Fe2+ oxidation (mg/l). The report further reported that 
qmax was found to be 2.4 mg/mgVSS.h and Ks, Ki and Kii were found to be 413 mg/l, 8650 mg/l and 
828 mg/l, respectively.  
 
2.8.2.5. Kinetic Parameter Estimations  
Biological kinetic models are commonly described by nonlinear expressions, namely the Monod, 
Contois and Saturation. Linearisation methods have to be applied to determine the kinetic constants 
via least squares regression (Lineweaver and Burk, 1934; Sötemann et al. 2006). Historically, 
methods, namely i) Lineweaver-Burk plot, ii) Eadie–Hofstee diagram and iii) Hanes-Woolf plot have 
been used for parameter estimation. An example of these methods is the application of Lineweaver-
Burk to the Monod Kinetics expression. Equation E2.8.2.s shows the inverted Monod equation, 










        (E2.8.2.s) 
 
And the expression in E2.8.2.s can be presented as shown in Figure 2.8.2.b 
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25Figure 2.8.2.b: Lineweaver-Burk Plot from ENVE 616 Notes, Idaho State University 
 
However, the transformation of nonlinear rate equations to a linear form is undesirable due to these 
methods frequently incorporated significant relative errors in the estimated kinetic parameters given 
that each linearisation method emphasised different ranges of measured data (Smith et al., 1998). 
These days generic software, namely MATLAB ®, R programing language and other programming 
software are used using nonlinear regression techniques, namely nonlinear least-squares methods, 
Wilkinson nonlinear regression method, Hill equation or other non-linear regression methods 
(Nelatury et al., 2014. In the case of MATLAB ® Curve Fitting Toolbox, the software used in the 
present study, non-linear least squares methods are pre-programmed into the software to perform 
curve-fitting calculations and parameter estimations using experimental data at the input variables.  
 
The application of the nonlinear least square’s analysis can be explained using the Monod 







�         (E2.8.2.t) 
 
Where Xb is the active mass concentration, Sbp the rate limitation substrate, km is the maximum 
specific rate of substrate use and Ks the half-saturation coefficient. The nonlinear least squares 
method is displayed in a plot for a typical Monod plot as given by Ikumi et al. (2013) as presented 
in Figure 2.8.2.c below, 
Chapter Two                                                                                                          State of the Art 
 
83 | P a g e  
 
 
26Figure 2.8.2.c: Graphical approximation of the Monod plot with the application of nonlinear least-
squares analysis from Ikumi at el. (2013) 
 
From the plot, the nonlinear least squares analysis can be formulated in the mathematical form 
given in equation E2.8.2.u 
 
y𝑠𝑠 = ƒ�𝑆𝑆𝜇𝜇𝐾𝐾; 𝑃𝑃𝜇𝜇𝑐𝑐𝑑𝑑� +  Ԑ�𝑃𝑃𝜇𝜇𝑐𝑐𝑑𝑑�       (E2.8.2.u) 
 
Where Ԑ represents the error for rHyd. This method can be applied to all the experimental data points 
describing a Monod equation resulting in a vector function. As such the nonlinear least squares 





∑ �𝑦𝑦𝑠𝑠 − ƒ�𝑆𝑆𝜇𝜇𝐾𝐾@𝑠𝑠 ;  𝑃𝑃𝜇𝜇𝑐𝑐𝑑𝑑��
2𝜇𝜇
1       (E2.8.2.v) 
 
The sum of the squared errors between the specific curve being fitted and the actual data points, 
in minimised to find the best kinetic parameters fitting the data.  
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2.8.2.6. Product and Substrate Inhibition to reaction rates   
Biological reaction rates are often affected by inhibitory factors that reduce the optimal functioning 
of the active biomass mediating these reactions. Biological reaction rates can be inhibited by 
various chemical and physical factors that influence the metabolic rates of the active biomass 
mediating a stoichiometric reaction. Some of the most common inhibitory factors are temperature, 
pH, substrates (reactants) and/or products concentrations, active biomass competition for single 
substrate, total dissolved solids concentration in the reactor aqueous phase or a combination of 
some or all these factors (Aiba et al., 1968, Han and Levenspiel, 1987; Chang, M., 1993; Mosche 
and Jordening, 1999; Hansford, 2004; Ismail et al., 2013). Batstone et al. (2001) reported the 
modelling of inhibition as an inhibition factor influencing the Monod-type rate equation, as shown in 






 𝑋𝑋𝑥𝑥. 𝐼𝐼𝑅𝑅         (E2.8.2.w) 
 
Where IT is the inhibition factor. pH inhibition features prominently in anaerobic digestion systems. 
Batstone et al. (2001) reported that the inhibitory effects of pH relate to a combination of disruptions 
of homeostasis and the increased concentration of weak acid-base species at low pH ranges and 
substrate transport limitation for microorganisms at high pHs.   
 
Temperature is another well-published factor that influences the specific growth rate of 
microorganisms driving biological reactions. A modified form of the van’t Hoff equation, shown in 
equation E.2.8.2.x, is well known in biological reaction literature and is used to describe the 
inhibitory effects of temperature on microorganism activities (Siegrist et al., 1993).  
 
K2 = K1𝐹𝐹∅(𝑅𝑅2−𝑅𝑅1)         (E2.8.2.x) 
 
Where T1 and T2 refer to the different temperatures where T1 is the initial and T2 is the final 
temperature, while K1 and K2 are temperature related constants. Another relationship frequently 
used to describe the effect of temperature on active biomass is the Arrhenius equation (Breed et 
al., 1999).  
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Batstone et al. (2001) reported the competitive inhibition effects on the uptake of substrates 
Butyrate and Valerate in methanogenic anaerobic digestion. The equation used to describe this 





          (E2.8.2.y) 
 
Where Sse refers to Va or Bu, KI the inhibition constant. Han and Levenspiel (1987) described 
product inhibition, as shown in equation E.2.8.2.z.  
 





         (E.2.8.2.z) 
 
Where the inhibition equation includes a maximum substrate concentration Semax. Reis et al. (1992) 
also followed the Han and Levenspiel (1987) form for the inhibitory influence of acetate (Ac) in the 
form shown in equation E.2.8.2.o  
 







        (E.2.8.2.o) 
 
However, the application of the Reis et al. (1992) equation to the results of the present study, the 
scaling did not conform to that observed, and no variability was found on the inhibition at the 
different HAc concentrations.  
 
Han and Levenspiel (1987) also reported a review of various other implementations of inhibition 
equations applied to kinetic reaction rate equations to describe the effect of inhibition on the reaction 
rates. Of specific relevance to this work is that reported by Aiba and co-workers shown in equation 
E2.8.2.p 
 
I𝜇𝜇2𝜇𝜇 = exp(−𝐾𝐾𝑖𝑖𝐶𝐶𝜇𝜇)        (E2.8.2.p) 
 
Where CR is the concentration of the inhibitory substrate or product. Poinapen and Ekama (2010) 
reported the inhibition term for H2S in a BSR system that follows the form of that of Aiba and co-
workers with modifications to apply to their study, which is shown in equation E.2.8.2.q 
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�        (E2.8.2.q) 
 
Further amendments are required when applied to the present study. This is deliberated upon in 
more detail in Section 6.2.5. of this thesis. 
 
2.8.2.7. Precipitation reaction rate kinetics 
Kazadi-Mbamba et al. (2015a) stated that various studies reported methodologies for the modelling 
for precipitant formation within aqueous media. Musvoto et al. (1997) studied and modelled the 
precipitation of CaCO3, and other mineral precipitants common to wastewater treatment as this 
process play a critical role in the pH established within these operations. It was reported that the 
rate of mineral precipitations within an aqueous environment is a function of the surface of the 
mineral precipitant and that these processes are best described by the work of Koutsoukos et al. 
(1980). Musvoto et al. (1997) reported the rate expression for crystallisation for precipitate, e.g. Mv+ 




[𝐴𝐴𝑣𝑣+𝐴𝐴𝑣𝑣−] = −𝐴𝐴𝜇𝜇𝑀𝑀𝜇𝜇  ��[𝐴𝐴𝜇𝜇+]
1 𝑣𝑣+� [𝐴𝐴𝜇𝜇+]1 𝑣𝑣−� � − �𝐾𝐾𝑠𝑠𝐾𝐾−𝑀𝑀𝜇𝜇�
1 𝑣𝑣� �
𝑎𝑎
   (E2.8.2.r) 
 
Where [Mm+] is the product of the cations, [Aa-] is the product of the anions, ν+ is the total number 
of cations, ν- is the total number of anions, ν = Ʃ (ν-, v+) and q is the order of the reaction 
stoichiometry for the considered mineral precipitant. On application for CaCO3 precipitation, this 








  (E2.8.2.s) 
 
Lewis (2010) reported the rate of precipitant formation (rp) for the formation of amorphous 
microcrystalline FeS at acidic conditions, in the unit mol/l/s, as shown in equation E2.8.2.t;   
 
  𝑃𝑃𝐾𝐾 = 𝐴𝐴 𝜎𝜎𝑠𝑠
𝑎𝑎          (E2.8.2.t) 
 
where σs is the saturation condition at time t given by equation E2.8.2.u, 
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− 1�      (E2.8.2.u) 
 
Kazadi-Mbamba et al. (2015b) reported the expression for mineral precipitation rates (rcryst) as 
shown in Equation E2.8.2.v, 
 
  𝑃𝑃𝜇𝜇𝜇𝜇𝑐𝑐𝑠𝑠𝜇𝜇 = 𝐴𝐴𝜇𝜇𝜇𝜇𝑐𝑐𝑠𝑠𝜇𝜇 𝑋𝑋𝜇𝜇𝜇𝜇𝑐𝑐𝑠𝑠𝜇𝜇𝜎𝜎𝑠𝑠
𝑎𝑎        (E2.8.2.v) 
 
Where kcryst is a kinetic rate coefficient (h-1), Xcryst is the concentration of the crystal at time t (moles/l). 
Experimental or operational datasets are used to calibrate the kinetic rates of these precipitation 
reactions. 
 
2.8.2.8. Death Regeneration Approach 
Above, the reactant within the reaction stoichiometries originates from the feed substrate or the 
products in syntrophic biological relationships. Another group of reactions occurring in biological 
reactions is related to the use or reuse of death biomass within a biological system. In this scenario 
death and decay of biomass contributes to the biodegradable particulate organics (BPO) and 
unbiodegradable particulate organics (UPO) of the biological systems. The modelling of biomass 
death and decay for activated sludge or anaerobic digestion are commonly dealt with applying one 
of two approaches, i) the death regeneration approach or, ii) the endogenous respiration approach 
(Dold et al., 1980, Ikumi et al., 2014). In endogenous respiration, a fraction of live organisms is 
oxidised to provide energy for leaving an endogenous residue of 20% of the biomass oxidised. In 
the death-regeneration approach, a fraction of live organisms die and lyse into biodegradable 
organics (BPO) and unbiodegradable organics (UPO) adds to the endogenous residue in the 
reactor and the former adds to the BPO substrate with the reactor. In the death-regeneration 
approach, the unbiodegradable fraction of the biomass is 0.08.  
 
2.8.3. Gujer Matrices Development and Presentation of Models 
The mathematical modelling of biological wastewater treatment processes involves many reactions 
between various components (variables), as can be concluded from the preceding sections of the 
current chapter (Henze et al., 1986; Altaf et al., 2012). The Gujer Matrix is used to summarise and 
present these processes of biological wastewater treatment modelling as components and reaction 
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rate equations (Dochain and Vanrolleghem, 2001). Figure 2.8.3.a shows an example of a Gujer 
Matrix and its primary layout,  
 
  Components (i) 
→ 
1 2 3 4 5 
Process Rates 
  SS SO XS XB,H XU 
j Process ↓   








2 Decay of Heterotrophs 

































27Figure 2.8.3.a: Gujer Matrix as described in Henze et al. (1986) 
 
The building of a model is a structured procedure which consists of various steps. Wentzel and 
Ekama (1997) and Dochain and Vanrolleghem (2001) describe the steps of model building in some 
detail as; (i) problem formulation, (ii) prior knowledge collection, (iii) purpose definition, (iv) 
candidate model set creation, (v) model structure selection, (vi) parameter estimation, (vii) model 
diagnosis and (viii) model testing. Within the context of this proposed study, the model building 
procedure described above is used to construct models that include mass balance-based 
processes for the biological and physico-chemical reactions (stoichiometries) and rate equations 
(kinetic parameters) for the individual reactions that comprise the integrated system. Figure 2.8.3.a 
shows an example of the growth and decay processes for ordinary heterotrophic bacteria (OHOs) 
comprising of components (columns), e.g. biomass (XB), and processes (rows), e.g. growth. The 
far-right column of the matrix represents the kinetic rate equations for each process.  
 
Dochain and Vanrolleghem (2001) describe a comprehensive procedure for the dynamic mass 
balance-based model building and analysis. This procedure is useful for the development of the 
stoichiometric reaction equations considers the mass balance of all the elements in the processes, 
e.g. reactants and products and provides a various option of kinetic rate equations for testing the 
suitable consistency for each considered reaction. Hauduc et al. (2010) reported that errors within 
models, e.g. activated sludge model no. 1 (ASM1), ASM2, ASM2d, ASM3, UCTPHO+ originating 
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avoid such errors during the development of new models one firstly must employ checks on, i) the 
continuity of the stoichiometry of a model and ii) the consistency of the kinetic rate expressions. 
Hauduc et al. (2010) released a Microsoft Excel® Spreadsheet accompanying the publication, i.e. 
a systematic approach for modelling verification: application on seven published activated sludge 
models (2010), that proved to be a useful tool in the development of new Gujer matrices for 
bioprocess models of wastewater treatment systems.  
 
The Hauduc et al. (2010) spreadsheet uses the new framework for standardised notation in 
wastewater treatment modelling (Corominas et al., 2010). This standardised notation framework 
considers a universally applied format for naming of model state variables and parameters in a form 
that is short and mnemonic. The naming of state variables required attention due to problems 
arising for the large number of new model developments with variations in naming of the same 
variables and dealing with the variables used in coupling of different models, e.g. coupling of ASM 
to ADM where notations for the same variable differs. Corominas et al. (2010) proposes that the 
main symbol refers to the phase of the component, e.g. S is soluble, X is particulate, G is the gas 
phase and C is colloidal, and the subscript to the symbol refers to i) Degradability, ii) 
Organic/Inorganic, iii) Name of the Micro-orgasms or Compound and iv) additional specification. 
Specific problems have also been encountered with the naming of stoichiometric and kinetic model 
parameters where used in different Gujer matrices. For example, the yield coefficient will still be 
represented as a capital “Y”, but additional reference is made to the reactant/product status of the 
component, the relevant micro-organism or the environment where a component or a 
microorganism is active. As far as possible, this naming convention was applied in the model 
developed in the present research.  
 
This is shown in Figure 2.8.3.b,  
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28Figure 2.8.3.b: New Framework example for Yield coefficients described in Corominas et al. 
(2010) 
 
Further, examples of the new framework for standardised notation in wastewater treatment 
modelling reported by Corominas et al. (2010). 
 
The state variable with a Gujer Matrix is typically expressed in COD, a considered element, e.g. N, 
P, or compound, e.g. SO42-, or charge (Hauduc et al., 2010). An essential feature of a Gujer Matrix 
is that the stoichiometry used in the construction of the model should comply with the mass 
conservation principle (mass balances), i.e. the sum of the stoichiometric coefficients for each 
element C, H, O, N, P, S and Fe, in each process (row) must be zero (Dochain and Vanrollenghem, 
2001). The units of specification are essential to ensure the stoichiometric continuity, e.g. 
considering the stoichiometric state variables and parameters, in a Gujer Matrix, namely i) the 
continuity conservation in the individual processes of the matrix and ii) the element mass balance 
within the columns, i.e. individual components. Where the kinetic parameters of a Gujer Matrix are 
checked, the following features of the matrix is checked; 
i) the kinetic rate expression describing the use of a specific reactant, i.e. Monod and 
Contois, 
ii) the rate expression describing the growth of the biomass, 
iii) where any inhibition occurs, namely product inhibition, e.g. H2S(aq.) inhibition and 
substrate inhibition, an inhibition function or factor should be included within the use 
and/or growth rate expression 
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iv) the rate expressions or equilibrium distribution for physico-chemical activities, e.g. 
precipitation, absorption or desorption, redox equilibriums need to be examined,’ 
v) the rate kinetic expressions for oxygenation/aeration need to be checked.  
 
The Gujer Matrix model structure is commonly used for specialised wastewater treatment chemical, 
physical and biological process models, namely the international water association (IWA) activated 
sludge models, i.e. ASM1, 2, 2d and 3 (Henze et al., 2000), IWA anaerobic digestion model no.1, 
i.e. ADM1 (Batstone et al., 2002) and the IWA benchmarking simulation model, i.e. BSM1 
(Jeppsson, 2004). The Gujer matrices for all the IWA Activated Sludge, Benchmarking Simulation 
and Anaerobic Digestion models are based on time as the independent variable.  
 
2.8.4. Model Validation and Simulation 
Complex biological wastewater models require careful calibration to generate useful results from 
any specific application (Dochain and Vanrollenghem, 2001). Vanrolleghem et al. (2003) and Ikumi 
et al. (2014) published validation protocols for use as a validation procedure for wastewater models 
to ensure reliable results are generated from the application of such models. The BIOMATH 
protocol used for the calibration of activated sludge models follows a four-stage process that is i) 
definition of a target purpose for the model application, ii) Plant data analysis and process 
characterisation, iii) Steady-state calibration of a selected model and iv) Dynamic calibration and 
evaluation of the outcomes of model verification (Vanrolleghem et al., 2003). The BIOMATH 
protocol is described by Figure 2.8.4.a as presented. 
 
The goal of the first stage of the BIOMATH protocol, i.e. defining the target of modelling, relates to 
the definition of the core objectives set for modelling process. Common objectives for application of 
modelling are, 
• The optimisation and/or upgrading of an existing process/system/plant, 
• Optimising a plant/process to meet effluent criteria, 
• Operating cost estimation or reduction, 
• Strategy development, e.g. effluent water reuse, 
• Development of control strategies and control system design, 
• Technologies Comparison studies and, 
• Selection and design of wastewater treatment plants/processes. 
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29Figure 2.8.4.a: BIOMATH calibration protocol for ND AS systems by Vanrollenghem et al. (2003) 
 
The 2nd stage of the protocol considers: 
1) the design specification for the recognised process/plant, which included parameters, namely 
unit operation volumes, flowrates (pumps and aeration blowers for AS systems), types and the 
number of considered unit operations.  
2) The collection design data but more important the collection and analysis of measured process 
data for the considered process, be it date from and operating plant or from experimental studies 
on bench-scale or pilot-scale systems.  
3) This stage considers the mass transfer characteristics of the system/plant that relates to  
i.  the hydraulic characterisation of the process/plant and  
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ii. in the case of an AS system, the aeration process, i.e. dissolved oxygen (DO) transfer from 
the gas to the aqueous phase, and oxygen usage, e.g. the oxygen consumption rate (OUR).  
4) The last part considers,  
i. the feed/influent characterisation,  
ii. the selection of an appropriate generic model, e.g. ASM1, BSM1, ADM1 and the best fit 
kinetic rate expressions to apply to the considered case,  
iii. suitable stoichiometric and kinetic rate parameters estimation for the considered case.  
Stage 3 of the BIOMATH protocol, the selected wastewater treatment model is calibrated under 
steady-state conditions for the biological and physico-chemical processes and the plant hydraulics. 
This stage is performed in the run state of a simulation platform to limit the time consumption for 
each parameter calibration using scenario and sensitivity analysis methods.  
 
Firstly, the individual operations are calibrated under steady-state conditions and then the 
integrated process to ensure continuity and consistency. To achieve a calibrated model changes is 
made to a) uncertain inlet characteristics and stoichiometric and rate kinetic parameters to ensure 
agreement with statistically analysed and accepted or expected steady-state outcomes. The 4th, 
and last, stage of the protocol considers the dynamic calibration and evaluation of the results. This 
stage requires as an input state variable, a dataset for the influent variables, under dynamic state 
conditions. Furthermore, a large dynamic state dataset is needed to assist with testing and further 
refining of the stoichiometric and rate kinetic parameter estimates from stage 3.  
 
Sensitivity analysis should be continued for dynamic state parameters using good quality output 
results as a marker. Calibration of a dynamic model can be done manually, by persons or groups 
with expert-knowledge about wastewater treatment processes or using optimisers or parameter 
estimation functions integrated into various specialised wastewater treatment simulation platforms. 
Langergraber et al. (2004) reported another guideline for simulation studies of wastewater treatment 
plants referred to as the HSG-guidelines.  
 
Biological wastewater treatment models, e.g. ASMs, BSMs and ADM1, are complex nonlinear 
models that make manual solving of these models almost impossible and very time-consuming. 
With the growth of the knowledge pool of biological processes and wastewater processes 
specifically, the design of wastewater treatment plants has inherently become more depended on 
modelling and the use of specialising simulation software (Vanhooren et al., 2003). However, the 
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use of Aquasim® proved somewhat difficult for use by novice users in design applications. This 
resulted in the development of other wastewater treatment simulation packages to established 
simplistic user interfaces with greater accuracy of the outcomes and wider application uses. Well-
known specialist wastewater model simulation software products are BioWin®, GPS-X®, Simba®, 
STOAT® and DHI WEST® (Claeys et al., 2008).  
 
2.9. Conclusion 
The present study considers research into two critical systems which is 1) a CSTR-BSR system 
that considers limited oxygen presence resulting in sulfide and elemental sulfur oxidation and 2) an 
integrated system that includes i) a gas-lift BSR system, ii) an H2S reactive absorption unit and iii) 
a ferrous biological oxidation system. As such various compounds are present resulting in multiple 
reactions occurring in the two systems considered in the present research and as such, described 
by various reaction stoichiometries. In summary, the previous sections in the current chapter in the 
present study dealt with the stoichiometries of the relevant reactions, 
• Section 2.2 reviewed the characteristics of CMD in its holistic form not merely limited to its 
use in the present research. This meant, that although the Coal mine drainage/effluent 
reviewed in Section 2.2 contained various metal components and other anions, for the 
present study, CMD consisted only of the sulfate component. This is acceptable given that 
the concentrations of the metal components are small in comparison to the sulfate 
component and these metal components are easily removed in a pre-treatment step.  
• Section 2.3 reviews BSR and the stoichiometry with the reactions relevant to the present 
study. 
• Section 2.4 reviews sulfide oxidation with a CSTR-BSR reactor that can extend to 
regenerate sulfate, i.e. S cycle, which can be inhibited by the formation of poly-sulfide that 
exists in equilibrium for elemental sulfur.  
• Section 2.5 reviews the aquatic chemistry relevant to the CSTR and Integrated system 
studies within the present study. This includes the stoichiometry of the physico-chemical 
reactions and phase mass transfer for these speciation systems in and across the gas, 
aqueous and solid phases. 
• Section 2.6 reviews the stoichiometry of the reactive absorption of H2S within a Fe3+ solution 
where CO2 or N2 was used as the carrier gas for H2S. 
• Section 2.7 reviews the stoichiometry for the biological oxidation of ferrous 
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• Section 2.8 reviews the kinetic equations used by other researcher to describe the reaction 
rates for of SRB, SOB, bS0 and Leptospirillum ferriphilum sp. activities.  
 
The new knowledge contributions defined in Chapter 1, Section 1.5 are further expanded upon here 
to contextualise the novel content of this research with existing knowledge, following the scientific 
method,. This is given in the 5 points below, 
 
2.9.1. The development, implementation and simulation of a Gujer-matrix base prototype 
model for a CSTR system that includes the interdependent activities of, i) SRB, ii) 
sulfide oxidising bacteria (SOB), and iii) elemental S oxidation bacteria (bS0) under 
limited dissolved oxygen conditions. (BSR_CSTR system) 
Matimba et al. (2008) studied the feasibility of the biological co-treatment of artificially 
prepared simple-organic industrial effluent, i.e. FTRW, and coal mine water using a CSTR-
BSR system. Their study did not include the overall reaction rate equations describing the 
rate of substrate utilisation. The present research study, however, further develops a steady-
state model describing this CSTR-BSR system.  
The study by Omil et al. (1996) reported the co-treatment of an aqueous sulfate (SO42-) and 
short-chain fatty acids (SCFAs) solution, which included acetate (C2), propionate (C3) and 
butyrate (C4) in various combinations, using a UASB reactor. The SCFA solution at the COD 
mass ratio for C2:C3:C4 at 5:3:2 constitutes a reasonable approximation to the artificially 
prepared FTRW simple-organic industrial effluent used in the present research study. 
Kalyuzhnyi et al. (1998) and Fedorovich et al. (2003) used the datasets from Omil et al. 
(1996) and reported a model describing the competitive behaviour of SRB and 
methanogenic bacteria. The current research study, however, goes beyond including the 
modelling of sulfate reducing bacteria (SRB) activity to include the modelling of sulfide and 
elemental S oxidation under a limited oxygen environment as in the anaerobic reactor 
aqueous environment. This is given that oxygen loading to the anaerobic digester internal 
environments, whether accidental or unavoidable, is a common problem with anaerobic 
technologies (Deshai and Rune, 2011). Sulfide oxidation and further, elemental S oxidation 
under limited oxygen conditions in an anaerobic reactor environment were also reported by 
Kleinjan et al. (2005), and Van Hulle et al. (2012) in BSR environments.  
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2.9.2. The extension of the CSTR-BSR system prototype model too, i) a GL-BSR system 
integrated with a sulfide stabilization step by the inclusion of ii) an H2S-gas reactive 
absorption unit, using aqueous Fe3+, and iii) a Fe2+ biological oxidation unit to recover 
the used Fe3+.   
Various studies, including those by Hilton and Oleszkiewisz (1988), Maillacheruvu et al. 
(1993), O’Flaherty et al. (1998), and Moosa and Harrison (2005) used a CSTR-BSR system 
under various organic feed conditions and reported reduced substrate consumption rates 
as a result of dissolved H2S product inhibition on SRB activity. In the present research study, 
however, two types of reactor configurations are used to study the co-treatment of CMD and 
a high strength simple-organic effluent by BSR. Firstly, the CSTR-BSR system used in the 
feasibility study of Matimba et al. (2008) is replicated and selected as control. Secondly, the 
operation of a Gas-lift BSR system where the dissolved H2S product is stripped out of the 
reactor aqueous environments using a carrier gas is conducted. In this manner, the inhibition 
effects of the dissolved H2S product on the consumption rate are removed.  
Maree and Hill (1989) used a 4-stage integrated process where 1) molasses were used at 
the energy and carbon sources in the biological sulfate removal stage, 2) dissolved H2S 
product was stripped and transported out of the BSR reactor by a CO2 carrier gas, and 
finally, 3) the H2S gas was stabilised as elemental S in chemical reduction reactions with 
Ferric Chloride solution. Maree et al. (2004), included another stage for the regeneration of 
Fe3+ from the used Fe2+. Also, they included the oxidation of Fe2+ using electrolysis. The 
present research study, however, considers an integrated GL-BSR system that uses Fe2+ 
biological oxidation for Fe3+ regeneration, Besides, Maree et al. (2004) did not report an 
attempt to model their system and the feed used in their study differs from the present 
research study.  
Maree et al. (2004) studied an integrated GL-BSR system that is similar to the present 
research study. Nonetheless, the present research study goes further with the development 
of a prototype dynamic model that describes the integrated GL-BSR system and uses the 
experimental datasets to develop consumption rate equations for, 1) SRB activity,2) SOB 
activity, and 3) the activity of the Fe2+oxidation bacteria (bFe), namely Leptospirillum 
ferriphilum sp. (Ojumu et al., 2006; Dave., 2008). Frunzo et al. (2012) reported a dynamic 
mathematical model for biological sulfate reduction using a gas-lift reactor to describe the 
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competitive relationship between SRB and MBs. Some of the reactions from Frunzo et 
al. (2012) study will be included in this study.   
2.9.3. The development of substrate consumption rate equations that include inhibition 
equations for the activities of, 1) SRB, 2) SOB, and 3) Fe2+ oxidation bacteria (bFe2), 
namely Leptospirillum ferriphilum sp.  
Various research studies reported the effects of inhibitory factors, e.g. pH (Batstone et al., 
2001), temperature (Siegrist et al., 1993; Breed et al.,1999), product concentrations (Hilton 
and Oleszkiewisz, 1988; Maillacheruvu et al., 1993; O’Flaherty et al., 1998; Moosa and 
Harrison, 2006) and substrate concentrations (Reis et al., 1992; O’Flaherty et al., 1998), which 
can reduce the optimal functioning of active biomass. Particularly, they can reduce biomass 
growth and substrate consumption rates. Han and Levenspiel (1987) reviewed studies that 
considered the extension of Monod-kinetics describing substrate, product and cell growth 
inhibitions.  
Batstone et al. (2001) reported an extension of the Monod-kinetic expression to describe the 
effects of butyrate and valerate concentration inhibition on the substrate consumption rate of 
anaerobic digestion. Reis et al. (1992), following Han and Levenspiel (1987), described the 
inhibitory influence of Acetate (Ac) concentration on substrate consumption rate. Poinapen 
and Ekama (2010), following Aiba and co-workers, reported the effects of H2S product 
inhibition on SRB activity. However, the present research studies the inhibition on SRB and 
SOB by considering the effects of both substrate and H2S product inhibition at varying initial 
substrate concentration (COD concentration ranging between 1250–10000 mgCOD/l) and 
varying hydraulic retention time (HRT ranging between 2.5–30days).  
Jones and Kelly(1983) and Nemati and Webb (1996) reported the effects of Fe2+ 
concentration inhibition by using an extended form of the Haldane-kinetics rate equation to 
describe the Fe2+ consumption rate. The present research study, however, also uses the 
Haldane kinetic equation, which includes the substrate inhibition expression, to include the 
effects of Fe2+ substrate inhibition. Furthermore, the Fe2+ inhibition expression included in the 
Haldane equation integrates the effects of variable influent Fe2+ concentrations. The 
integrated GL-BSR system also includes a biological Fe2+ oxidation process to regenerate 
Fe3+ from the used Fe2+.  
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2.9.4. A comparative study of BSR continuously stirred tank reactor (CSTR) technologies 
and GL-BSR, under N2 gas (inert) and CO2 gas (active), technologies. 
Matimba et al. (2008) reported a feasibility study of the co-treatment of artificially prepared 
FTRW and coal mine water using a CSTR-BSR system. Their feed COD concentration was 
constant. The present research study, however, varies the feed COD concentration but 
duplicates the CSTR-BSR system of Matimba et al. (2008), including the source of the influent 
feed.   
Maree et al. (1989 and 2004) explored the operation of a gas-lift BSR reactor using CO2 -gas 
as the carrier gas for the desorption of H2S from solution. Maree et al. (2004) used molasses 
as the substrate, which is a complex organic source. The present research study, however, 
uses a simple organic source, namely VFAs, and the GL-BSR system used is operated under 
a variable substrate feed COD concentration, i.e. between 1250–10000 mgCOD/l.  
Van Houten et al. (1994) conducted a feasibility study for the use of Gas-lift reactor technology 
in biological sulfate reduction operations. Van Houten et al. (1996) used H2-gas and CO2-gas 
as energy and carbon source, respectively. Ebrahimi et al. (2005) also reported using H2-gas 
and CO2-gas as energy and carbon source, respectively, in an integrated GL-BSR system, 
which included an H2S-gas reactive absorption unit operation. In the present study, the carrier 
gas used is also varied, e.g. CO2-gas (active) and N2-gas (inert), which results in different 
operating pH conditions. The prototype model developed in the present research study is used 
to compare the CSTR-BSR and GL-BSR systems in terms of, i) COD and sulfate pollutants 
removal efficiency, ii) H2S stabilisation and elemental S resource recovery, iii) operational pH, 
iv) effluent water quality, and v) water treatment capacity.    
2.9.5. Batch-fed system under dynamic substrate conditions  
Loewenthal et al. (1991), and Stumm and Morgan (1996) reported the dynamic characteristics 
of aqueous phase weak acids and bases solutions, and the effects of changing weak 
acid/base speciation during dosing on establishing a new system equilibrium for pH, Alkalinity 
and buffering capacity of the aqueous solutions. The equilibrium dissociation-association 
reactions within biological wastewater treatment processes are always non-ideal from a 
chemical thermodynamics’ perspective as changes in mixed-species concentrations in 
wastewater affect the way in which ions pairs interact within the aqueous environment and 
with one another (Tait et al., 2012). The weak acid-base systems can be described by 
equilibrium dissociation-association reactions based on the Lowry-Bronsted theory whereby 
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an acid donates a proton and a base accepts a proton (Stumm and Morgan, 1996; Loewenthal 
et al., 1989). In the present research study, the BSR systems are fed from batches that are 
open to the air. Hence, the changes in the feed mixture pH and inorganic carbonate alkalinity, 
which influence the BSR system pH and Alkalinity, are observed and measured every 2 hours 
over a day.  
Van Zyl et al. (2008) reported the non-ideal chemical thermodynamics of the feed mixture 
used in their study, but they didn’t report a pre-processor model describing the dynamics of 
their feed mixture. While The feed composition of the present research study is largely similar 
to Van Zyl et al. (2008), it models, however, the dynamics of the non-ideal weak acid/base 
feed mixture, and processes it in a MATLAB ® pre-processor, to describe the changes the 
aqueous solution feed mixture undergoes while being consumed. The modelling allows the 
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CHAPTER THREE: 
MATERIALS AND METHODS 
 
3.1. Introduction 
The present research study aims to develop a dynamic model describing the Gas-lift BSR integrated 
and the CSTR-BSR systems used for the co-treatment of FTRW and CMD. The study is categorised 
into two parts which are i) a bench-scale experimental study and ii) a virtual experimental study 
(model simulation). The purpose of the bench-scale experimental part of this research is to: 
iv. Determine the dynamics of the synthetic FTRW+CMD feed batches over a 48-hour maximum 
feed period,  
v. Operated a CSTR-BSR system and GL-BSR integrated system continuously under steady-
state conditions over an extended period without system failure and under variable organic 
feed substrate concentrations,  
vi. assisting in identification to the reaction stoichiometries observed for the CSTR-BSR and GL-
BSR integrated systems and, 
vii. generate datasets for use in reaction rate equation selection and kinetic parameter estimation 
and validation of the prototype model to be developed in the virtual experimental part of this 
study.  
The aim of the virtual experimental part of this research is to: 
i. determining the mass and charge balanced reaction stoichiometries describing the processes 
that were observed in the experimental study,  
ii. selecting the best-fit rate equations for each process and performing curve fitting exercises 
to estimate the kinetic parameters related to the selected rate equations, 
iii.  the construction of a Gujer matrix to present the prototype model1 and testing overall mass 
and charge balance for the overall prototype model,  
iv. Implementation of the prototype model into the DHI WEST® simulation platform. 
 
 
1 Where the prototype model refers to the prototype model developed as part of the aims of this research and that have 
not undergone sensitivity and scenario analysis analyses, which is a recommendation of the present study 
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These Gujer matrices use the standardised notation framework for the naming of a model state 
variables and parameters (Corominas et al., 2012). Checks for stoichiometric mass conservation 
and kinetic parameters and equations consistency for each process within these matrices are 
performed. Next, the verification and validation of this prototype model is performed during the 
simulation process. The Research Methodology and Approach section in this chapter describes the 
procedures used during each stage, i.e. each work package, towards fulfilling the objectives set out 
for this study 
 
3.2. Bench-scale Experimental Study Materials and Methods 
The equipment used in this research is the bench-scale experimental GL-BSR integrated system 
and the CSTR-BSR systems. The layout and process flow-diagram of these bench-scale 
experimental systems are described in this Section. The feed composition, sampling schedule and 
analytical procedures of the substrate and the bench-scale systems are described here.  
 
3.2.1. Experimental layout and Rig flow diagrams 
The bench-scale experimental units consisted of a laboratory-scale GL-BSR integrated and BSR-
CSTR systems. Both were fed batches of a mixture of artificially prepared FTWR and CMD. The 
mixing of the two influent streams, i.e. FTRW and CMD, into a single mixture were done to ensure 
consistency of the COD:SO42- mass ratio and better hydraulic feed control. Figure 3.2.a presents a 
flow diagram for the bench-scale experimental rigs 
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30Figure 3.2.a: Flow Diagram of the Bench-scale Experimental Operation  
 
Figure 3.2.a shows that the same feed mixture (In) was fed to both the GL-BSR integrated (A) and 
BSR-CSTR (B) systems. The layout of the GL-BSR integrated system comprises of 1) the Gas-lift 
BSR unit (A1), 2) the reactive absorption unit (A2) and 3) the ferrous bio-oxidation unit (A3) and 
connecting flow lines between the different units.  
 
The lines between the Gas-lift BSR unit and the reactive Absorption Units are gas transport lines 
indicated by dash lines, while all the other connecting lines are liquid transport lines shown here by 
solid line types. The ferrous (Fe2+) transport line between the absorption unit and the bio-oxidation 
unit was split into two parts to accommodate a filtration unit (A4) to remove the elemental sulfur. 
Treated effluent (Se) from both systems. Although Figure 3.2.a includes a continuous operation for 
the bench-scale experimental rigs, due to limitation of equipment availability and time, the GL-BSR 
integrated, and CSTR systems were operated on a batch fed basis for the feed mixtures. 
 
Furthermore, the GL-BSR integrated system was divided into two unit operations i) the integrated 
BSR gas-lift and H2S gas reaction absorption units and ii) the ferrous bio-oxidation unit. Also, due 
to time limitations, two BSR-CSTR units were operated in parallel. Further details on the operation 
of the wants are given below in Section 3.2.  
 
3.2.1.1. Gas-Lift BSR integrated S recovery system 
The bench-scale experimental GL-BSR integrated system consisted of three core unit operations 
as shown in Figure 3.2.b. Figure 3.2.b shows a detailed flow diagram of the integrated system 
including its 3 core unit operations, i) the Gas-lift BSR unit (3), ii) the Reactive absorption unit (6) 
and iii) the Ferrous Bio-Oxidation unit (8).  
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31Figure 3.2.b: Flow Diagram of the Bench-scale GL-BSR integrated unit  
 
The biological sulfate reduction (BSR) Gas-lift unit has a 20-litre total volume and operating volume 
of 16-litre. The BSR Gas-lift unit was fed the artificial Fischer-Tropsch Reaction Water (FTRW) + 
Coal mine drainage (CMD) (1), and the treated waste effluent is held in a waste vessel (2). The 
feeding and wasting rate were kept equal using a double cartridge MasterFlex® peristaltic pump, 
as shown in Figure 3.2.c. In Figure 3.2.c, the reactor liquid temperature was controlled at 36 to 36.5 
oC within the BSR Gas-lift reactor.  
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32Figure 3.2.c: MasterFlex® peristaltic pump used for feeding and wasting of BSR unit and the 
temperature control for the Gas-lift BSR unit.  
 
This Gas-lift BSR unit was spurged with N2 gas or CO2 gas depending on the experimental 
requirements, but it can also be operated as a CSTR unit because it had a magnetic stirrer bar fitted 
to the bottom of the unit. Thus, the mixing action in the Gas-lift unit can be achieved via gas spurging 
or stirring. The Gas-lift unit is shown in Figures 3.2.c. 
 
  
33Figure 3.2.d: Bench-scale Gas-lift BSR unit  
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The gas spurging action in the BSR Gas-lift unit allowed for the stripping of H2S from the aqueous 
phase to the gas phase and transport of H2S gas out of the BSR unit, which reduced the effect of 
sulfide inhibition in the BSR unit as described in Chapter 2, Section 2.3.5. The driving force for the 
gas spurging from the Gas-lift BSR reactor was a chemical resistant vacuum pump (ILmvac®-MPC 
601 E with 50Hz Motor). This pump/compressor, shown in Figure 3.2.e, was connected in a closed-
loop configuration with the Gas-lift BSR unit (3) and the subsequent Reactive Absorption unit (6).  
 
 
34Figure 3.2.e: ILmvac®-MPC 601 E vacuum pump used as a gas compressor for BSR spurging 
 
The H2S stripped from the Gas-lift BSR unit with CO2 or N2 gas was transported to the Reactive 
Absorption unit (6) via this mixed gas stream.  
 
35Figure 3.2.f: Absorption Unit and Fe3+ holding bottle and S filter unit 
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Figure 3.2.f shows the 1.2-litre reactive absorption unit (6A), which is fed batches of ferric (Fe3+) 
solution from a 2-litre holding vessel of Fe2(SO4)3 solution. This is done in a closed-loop system for 
24 hours per batch. The H2S gas was spurge trough the Fe3+ solution resulting in it being oxidised 
as described in Chapter 2, Section 2.6. The reactive absorption (ABS) unit runs at a 300ml operating 
volume of Fe3+ solution, or mixed Fe3+ and Fe2+ solution as the operation proceeds during the 24-
hour batch feed period, that is continuously fed and wasted from the holding vessel (6B). 
 
The solid elemental S produced in the Reactive Absorption unit was removed using a separation 
unit (7) shown in Figure 3.2F. However, this was not a completely effective separation unit, and 
some of the colloidal S0 was required to be filtered from the batch it the end of the 24 runs. A 
continuous filtration cannot be used due to budgetary limitations. The Gas-lift BSR unit and H2S 
gas reactive absorption unit (ABS) was operated in a connected system, where the GL-BSR unit is 
up-stream and the ABS units connect down-stream in the configuration of the bench-scale 
experimental integrated system as shown in Figure 3.2.g.  
 
 
36Figure 3.2.g: The Feed/Wasting-Gas-lift BSR-Absorption units of the GL-BSR integrated system 
 
In Figure 3.2.g, the units identified as (i) is the gas flow meter and (ii) is the double cartridge 
MasterFlex® peristaltic pump used for simultaneous feeding and wasting from the Gas-lift BSR unit.  
 
The Fe3+ and Fe2+ mixture effluent stream from the Reactive Absorption unit (6) is filtered to remove 
all S0 from the stream and this, in turn, is the influent stream to the Fe2+ biological oxidation unit (8). 
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The Fe2+ iron bio-oxidation unit (8) is an aerated system because the Fe2+ iron oxidising bacteria 
are obligate aerobes as described in Section 2.7. The Fe2+ bio-oxidation unit was operated 
independently of the connected BSR gas-lift unit and adsorption unit, due to the lack of a laboratory-
scale continuously operating oxygen decanting unit (9) that would ensure no carry-over of dissolved 
oxygen (DO) to the ABS units. Also, the Fe2+ bio-oxidation units were operated independently to 
ensure consistency in the Fe2+ feed concentrations, which are used as a state variable to 
characterise the reaction kinetics and stoichiometry for this research. In so doing, consistency in 
the measured data collected during the operation of the Fe2+ bio-oxidation unit was ensured. This 
allowed for the development of a model component that can describe the Fe2+ bio-oxidation unit, 
operated under dynamic feed conditions, with higher accuracy. Figure 3.2.h presents a picture of 
the individually operated Fe2+ bio-oxidation unit. 
 
 
37Figure 3.2.h: The Fe2+ bio-oxidation unit used in the present study of the GL-BSR integrated 
system 
 
The Fe2+ bio-oxidation unit used in the present study was a 2-litre glass reactor (8) operated at 1-
litre liquid volume and simultaneously fed from a continuously mixed feed holding container (iii) and 
wasted (ii) with a dual-channel Master Flex peristaltic pumping unit (i). The reactor contained a 
ceramic packing that raised filled approximately 30% to 40% of the liquid height within the reactor, 
which acted as attachment media for the Fe2+ oxidation bacteria, i.e. a pure culture of Leptospirillum 
ferriphilum. A solution of Ferrous Sulfate heptahydrate, FeSO4.7H2O was fed at various 
concentrations and flow rates to the Fe2+ bio-oxidation, as per experimental run requirements, to 
enable the full characterisation of the bench-scale unit for modelling purposes.   
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3.2.1.2. Continuous Stirred Tank Reactors (CSTR) BSR systems 
Two BSR Continuously Stirred Tank Reactor (CSTR) units were operated, in parallel, and used as 
the standard system for comparison to the BSR unit of the GL-BSR integrated system. A flow 
diagram of the layout for the CSTR-BSR system is shown in Figure 3.2.i. 
 
38Figure 3.2.i: Flow Diagram of the CSTR-BSR system 
 
The two BSR-CSTR units (3) were fed the same substrate composition as the Gas-lift BSR reactor 
at similar loading rates. However, the experimental study of the CSTR-BSR units was extended to 
include more state variable conditions, where the state variable was i) the feed COD concentration 
and ii) dilution rate. This extended range of the experimental state variables was possible for the 
CSTR units because two units were operated in parallel and there was no need for a variety of 
carrier gas conditions at each selected feed COD concentration and dilution rate for the CSTR units 
as was the case for the Gas-lift BSR unit. This made more time available to conduct the extended 
range of experimental studies on the CSTR units. This is discussed in more detail in Section 3.2.2. 
that deals with the substrate composition and character. The CSTR-BSR system was operated in 
a temperature-controlled room at 36-37oC. Figure 3.2.j shows a picture of the laboratory scale 
process rigs for the BSR-CSTR units in operation.  
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39Figure 3.2.j: A Picture of the Bench-scale BSR-CSTR units  
 
Figure 3.2.j shows the feed mixture (1) and the treated effluent with high H2S(aq) concentration (2), 
the feed pump (4) and the magnetic stirrers for the CSTR units (5). The level in the reactor and the 
overflow were controlled by the manually set an inverted Y-connecter at a level to allow the overflow 
shown at point (6). 
 
3.2.2. Feed (Substrate) composition 
The types of substrates used by the different bacteria and archaea have previously been discussed 
in Chapter 2, Section 2.3.3 for sulfate-reducing bacteria (SRB), Section 2.2.4 for S oxidising bacteria 
(SOB) and Section 2.7.1 for Ferrous (Fe2+) oxidising bacteria. The composition of the feed streams 
used in the present study was i) FTRW and CMD fed to the BSR units and ii) an aqueous Fe3+ 
solution fed to the reactive absorption unit and iii) an aqueous Fe2+ solution fed to the Ferrous bio-
oxidation unit. Additionally, the bioprocesses, i.e. the BSR and ferrous bio-oxidation processes, also 
required nutrients and trace metals for microbial growth and cell maintenance.  
 
3.2.2.1. The Substrate fed to the Bench-scale Experimental BSR units 
The sustainability of dissimilatory BSR treatment is dependent on a source of cheap organic matter 
that acts as a carbon source and e- donor was sulfate.is the e- acceptor, as described in Section 
2.3. This BSR process was fed an artificially prepared approximate Fischer-Tropsch Reaction Water 
(FTRW) as the organic source, and a sodium carbonated neutralise sulfuric acid solution, that 
represents CMD from a mining site with calcareous strata. 
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This artificially prepared approximate FTRW is based on the mean compositions of the most 
prevalent components, described in Section 2.3.4. This was done to achieve a organic wastewater 
with similar characteristics to that of the actual FTRW without violating the confidentiality 
agreements with Sasol Ltd related to the composition of FTRW. FTRW consists of volatile fatty 
acids (VFAs) ranging from carbon C2 to C6 and alcohols, and the VFAs acetate, propionate, 
butyrate and valerate constitute more than 96% (by mass) of the FTRW mixture. After preparing 
the synthetic FTRW stock solution at a concentration of 15 gCOD/l, the pH of the mixture is ± 2.5, 
which is lower than the actual pH of the real FTRW at 3.0. The Alkalinity of the FTRW stock solution 
was raised the pH around 3, i.e. pH 2.9 to 3.1. Van Zyl et al. (2008) achieved this pH adjustment 
by adding 1.4 g/l of NaHCO3. For the present study, FTRW was prepared at five different COD 
concentrations, (input state variable) for use as the feed substrate concentrations to the 
experimental BSR units, i.e. feed substrate COD concentrations of 1250, 2500, 5000, 7500 and 
10000 mgCOD/l.  
 
A notable characteristic of the Highveld CMD is their approximately neutral pH which can be 
attributed to the limestone strata in the mining area. Also, the comparatively much lower dissolved 
heavy metal cation concentrations, compared with that commonly found for acid mine drainage 
(AMD) of the precipitate of heavy metals out of solution at neutral pH range. Niewenhuis et al. 
(2000) and Surrender et al. (2009) reported that the pH of the CMD for the site of this case study 
has a pH about 8.45, sulfate (SO42-) concentration around 3200 mg/l and metal components in 
descending order of concentration as follows; Na+ around 1200 mg/l, Cl- around 250 mg/l, Ca2+ 
around 160 mg/l and Mg2+ around 160 mg/l with a total dissolved solids (TDS) of around 5200 mg/l. 
The CMD for thus research was represented by an SO42- solution, neutralised by Na2CO3 to a pH 
in the range of 5.7 to 6.2.  
 
The COD:SO42- mass ratios of 0.67 where an actual mass ratio of 0.70. This was applied to ensure 
sulfate limitation supply to ensure that the reaction kinetic systems. Other components in the 
artificial CMD, namely Ca2+, Mg2+ and Cl- were introduced via a nutrient mixture. Other nutrients 
also added via this mixture were NH4+, HPO42-, K+ and yeast extract. The NH4+ and HPO42- were 
added to the CMD to ensure that a theoretical COD:N:P mass ratio of 1000:10:3 was attained for 
biomass production. Table 3.2.a lists the feed mixture used in the present study where the feed 
COD concentration was used as the datum and the other components were related to the COD on 
a mass fraction.  
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9Table 3.2.a: Actual Feed Mixture Make-up for the BSR systems 
 
 
3.2.2.2. H2S gas reactive absorption unit (S recovery with Fe3+(aq.)) (6) 
The reactive absorption unit produces elemental S (S0) from the stripped H2S gas in the presence 
of an aqueous Fe3+ solution, which is a physico-chemical process as described in Section 2.6. The 
feed Fe3+ solution was prepared with Fe2(SO4)3. The Fe3+ concentration of the prepared stock 
solution was 10 gFe3+/l, which is equivalent to a ferric sulfate concentration of 35.5 g/l. This is below 
the 120 g/l solubility and H2S gas to liquid mass transfer limit specified by Ebrahimi et al. (2003) 
study.  
 
3.2.2.3. Feed to the experimental Ferrous bio-oxidation unit (8) 
As described in Chapter 2, Section 2.7, the oxidation of ferrous (Fe2+) to Fe3+ is a biological process 
mediated by Leptospirillum ferriphilum an obligate aerobe species using oxygen as an electron 
acceptor. The bench-scale ferrous bio-oxidation unit was fed aqueous solutions of ferrous iron using 
ferrous sulfate heptahydrate (FeSO4. 7H2O). The feed Fe2+ concentration was one of the 
experimental state variables and so was varied at 5, 10, 15, 20 and 25 gFe/l concentrations. 
Nutrients were also required to sustain this biological process and the nutrient mixture (Duku et al. 
, 2012). This nutrient mixture consisted of autotrophic basal salt solution and trace elements i.e. 
NH4+ and PO43- salts as well as K+, Mg2+, Ca2+, Zn2+, Cu2+, Mn2+, Ni+, Na+ and other metal salts.  
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3.2.3. Sampling Plan and Analytical Method per Sample 
The section describes the methods used this research that generate the datasets from the bench-
scale experimental system for use in model component identification, process verification and 
validation. It is, therefore, necessary to consider the accuracy and consistency of the sampling and 
analytical methods used to generate the datasets.  
 
3.2.3.1. Sampling plan 
The frequency and location of sampling are essential to achieve the accuracy and relevance of the 
experimental part of the present study. The sampling points are indicated by numbers P1 to P7 on 
the experimental layouts for the GL-BSR integrated system in the top of Figure 3.2.j, and similarly 




40Figure 3.2.k: A Picture of the Bench-scale BSR-CSTR units  
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These sample points are as follows;  
• P1 is the influent (feed) to the BSR unit of both systems,  
• P2 is the reactor mixed liquor/effluent of the BSR units of both systems,  
• P3 is the influent Fe3+ solution to the reactive Absorption unit (integrated system),  
• P4 is the effluent/content from the Absorption unit,  
• P5 is a sample of the elemental S from the reactive absorption unit,  
• P6 is the influent to the Fe2+ bio-oxidation unit (integrated system),  
• P7 is the mixed liquor/effluent of the bio-oxidation unit.  
 
3.2.3.2. Analytical Guide As per Sampling Point 
The sampling frequency and laboratory analytical methods applied to each point are presented in  
10Table 3.2.b: sampling frequency and laboratory analytica 
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3.2.4. Analytical Methods  
As specified in the Analytical Guide, the following analysis was performed on the collected sample 
from both the GL-BSR integrated system and the CSTR-BSR systems.  
i. Chemical Oxygen Demand (COD) with modifications, 
ii. pH (In-situ), 
iii. Oxidation-Reduction Potential (Redox), 
iv. Conductivity, 
v. Sulfate concentration (HPLC Method), 
vi. 5 Point Titration: i) H2CO3* Alkalinity, ii) pH and iii) VFAs (mg/l as Ac-), 
vii. Dissolved Sulfide (H2S, HS- and S2-) assay, 
viii. Ferrous (Fe2+) and Total Iron analysis 
ix. Sulfate Analysis (using HPLC – Anion Column) 
x. Volatile Fatty Acids (VFAs) analysis (using HPLC – Biorad Organic Acids Column) 
xi. Elemental S analysis (using – HS (C18) column) 
xii. Total Suspended Solid (TSS), Volatile Suspended Solids (VSS) and Inorganic Suspended 
Solid (ISS) 
*(HPLC: High-Performance Liquid Chromatography) 
 
All the above analysis, as well as the bench-scale experimental studies, was performed in the 
Centre for Bioprocess Engineering Research (CeBER) laboratories, Department of Chemical 
engineering at the University of Cape Town. A short description of the method and equipment to be 
used to perform the analysis are given below, 
 
3.2.4.1.  Chemical Oxygen Demand (COD) 
The COD analytical method is specifically vital because it is the basis of the calibration of the 
reaction rate kinetics for substrate utilisation. COD is also the marker to which the other components 
are pinned determining the feed composition. Hence, feed COD (CODƒ or Si) is used the identifier 
for the experimental trial runs in the present study, i.e. CSTR-BSR_5000 is the identifier for the 
operation of the CSTR-BSR system at a feed condition of feed substrate COD concentration 5000 
mg/l or GL_BSR_N2_2500 refers to the trail run where the gas-lift BSR system operated under N2 
gas stripping at feed Substrate COD concentration of 2500 mgCOD/l.  
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The COD method used in the present study is the closed reflux, colourimetric method, described in 
the American Public Health Association (APHA) Standards Methods 5220D (2012). Farina et al. 
(2004) reported that this closed reflux COD method provides results with significantly less error 
compared with the open reflux COD method for the analysis of VFAs. This was the main reason 
why this method was selected for COD analysis.  
 
The analysis is performed with Merck reagents for the lower COD range of 25-1500 mgCOD/l, 0.3ml 
of reagent A (Cat. No. 114538) and 2.3ml of reagent B (Cat No. 114539), and for the higher COD 
range 500-10000 mgCOD/l, 2.2ml of reagent A (Cat No 114679) and 1.8ml of reagent B (Cat No 
114680). Digestion of the sample takes place a closed tube in a heating block (Hanna Instruments 
heating block) at 150oC for 120 minutes with a sulfuric acid solution of potassium dichromate 
(K2Cr2O7) and silver sulfate catalyst. The Merck Spectroquant ® Nova 60 spectrometer measures 
the COD concentration colourimetrically.  
 
The augmented COD analysis reported by Poinapen and Ekama (2009b) was used to measure the 
filtered organic COD in the presence of sulfide for the BSR mixed liquor samples. This method 
removes the interference of dissolved sulfide on the COD analysis of the sample. The augmented 
COD analysis includes the addition of zinc sulfate (ZnSO4) to the BSR sample. This resulting zinc 
sulfide precipitant is removed by filtration using a 0.45-micron Millipore syringe filter. The filtered 
soluble COD represents the organic COD, which in this case is the VFAs.  
 
The error margin for the COD concentration analysis was evaluated using standard potassium 
hydrogen phthalate (KHP) solutions and sodium acetate (NaAc) solutions. The analytical 
equipment, Spectroquant ® Nova 60 spectrometer, and COD concentration analytical method used 
in the current research were evaluated using these standards. The results from the measurement 
of the KHP standards ranged from 98% to 102% of the expected COD concentration values. This 
proved that the COD concentration measurement method and equipment produced results with 
limited errors and, therefore, it is suitable for prototype model development purposes.  
 
3.2.4.2. pH and Reduction-Oxidation Potential (Redox) 
pH measurements were taken using a Metrohm 691 pH meter or a Cyberscan 2100 unit. Both these 
pH meters were calibrated daily using Metrohm standards pHs 4, 7 and 9. The Redox Potential was 
measured using a Metrohm 827 unit with a platinum-ring electrode that was also checked daily to 
test for accuracy using a Crison Redox Standard, e.g. 250mV and 468mV.   
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3.2.4.3. Conductivity  
The conductivity of the samples was measured with an Az Instrument Corporation unit 86555. This 
unit was checked daily using Laboratory Equipment Suppliers conductivity standards 1413 and 
12880 μS/cm solutions to ensure limited measurement errors occur.  
 
3.2.4.4. Sulfide Assay 
The total dissolved sulfide or free and saline sulfide (FSS), i.e. H2S, HS- and S2-, was measured 
using the method reported by Cline et. al. (1968). This is a colourimetric method where a Thermo 
Scientific Helios Alpha ® spectrophotometer, set at a wavelength of 670nm, was employed to 
estimate the TS concentration. The colour development of this method depends on the methylene 
blue produced from the reaction of the dissolved FFS and the colourimetric reagent, N,N-dimethyl-
p-phenylenediamine sulfate in an acidic medium provided by hydrochloric acid. The reaction is 
catalysed by ferric chloride. A sample of 20-100µl was added to a 200µl of a 1% zinc acetate 
solution to ensure sulfide does not escape the sample and is trapped as ZnS. However, ZnS is 
soluble in a 500µl of N,N-dimethyl-p-phenylenediamine sulfate in a 6N HCl acidic solution to which 
is added 500µl of Ferric Chloride in 6N HCl acidic solution resulting in methylene blue (thiazine 
dye). Sodium Sulfide standard was prepared at known sulfide concentrations to develop a 
standards plot that was used to determine the sample concentrations.   
 
3.2.4.5. Ferrous and Total Iron Assay 
The Ferrous (Fe2+) and total iron (Fetot. = Fe2+ + Fe3+) concentrations were measured using the 
Phenanthroline method reported by the American Public Health Association (APHA) Standards 
Methods 3500-Fe (2012). This is a colourimetric method where a Helios Alpha ® 
spectrophotometer, set at a wavelength of 510nm, was employed to estimate both the Fe2+ and 
Fetot. concentrations in a sample from the Absorption unit (P4) or Bio-oxidation Unit (P6). The 
standard solutions at known Fe2+ concentrations were prepared from FeSO4.7H2O in an aqueous 
solution and for which a standard plot was developed. The concentrations of the samples were 
determined from the standard plot.  
 
3.2.4.6. Sulfate analysis (HPLC Method)  
The sulfate concentration measurements were determined by High-Performance Liquid 
Chromatography (HPLC) reported in Van Hulle et al., (2012). A Waters ® System HPLC was 
employed, fitted with a Waters ® IC-Pak HR Anion Column (4.6 x 75mm, 5µm) and a Waters ® 
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conductivity detector. Sodium-borate gluconate was the mobile phase for this analysis. 50µl 
samples were injected via the Waters ® carousel unit Sample preparation for HPLC analysis 
followed conventional procedures. 
 
3.2.4.7. Volatile Fatty Acids (VFAs) analysis (HPLC Method)  
The HPLC method reported in Van Hille et al. (2012) for the analysis of VFAs was also used to 
measure the concentrations of Acetic acid, Propionic acid, Butyric acid and Valeric acid for the feed 
and BSR units’ samples. The Thermos Scientific ® system HPLC was fitted with a Biorad ® organic 
acid column (Aminex HPX-87H, 30cm x 7.8, 9µm) and an Ultra-violet (UV) detector set at a 
wavelength of 210nm. Acidified distilled water (0.01M H2SO4) was the mobile phase for this 
analysis. For this analysis, 20µl samples were injected and each sample had a retention time of 45 
minutes to develop well define peaks for each of the VFAs analysis.  
 
3.2.4.8. Elemental S (S0) (HPLC Method)  
The HPLC analytical method reported by Van Hille et al. (2012) was used to measure the 
suspended elemental S concentration in the CSTR-BSR units. The Thermos Scientific ® system 
HPLC was fitted a Discovery HS (C18) octadecylsilane reverse phase column (25cm x 4.6mm, 
5µm) and an Ultra-violet (UV) detector set at a wavelength of 263 nm. A solution of 95% Methanol 
and 5% distilled H2O was the mobile phase for this analysis where a 20µl sample was injected to 
the HPLC line. After collection, the pH of the sample lowered to a pH between 6 to 7. This to ensure 
that all polysulfide in the sample was converted to S in aqueous equilibrium with 2.5N HCl solution. 
The sample preparation for this analysis was rigorous because, for measurement of elemental S 
(S0) by HPLC, the all colloidal S0 had to be dissolved. As S0 is relatively insoluble in water, the S0 
has to be removed from the aqueous sample and dissolved in another solvent, which in this case 
is chloroform (CHCl3). 200µl of a well-mixed sample is added to 1800 µl of chloroform, in an 
Eppendorf tube, which is heated in a water bath at 45oC for 25 minutes. The Eppendorf tube is then 
vortexed for 2 minutes to ensure that all S0 dissolve in the chloroform. This is then left for a few 
minutes to ensure separation of the water and chloroform. The water is carefully removed from the 
sample and the S0 dissolved in chloroform sample is filtered through a 0.22 µm Millipore syringe 
filter into the HLPC vial and inserted into the HPLC carousel for measurement. 
 
3.2.4.9. pH and 5-Point Titration H2CO3* Alkalinity, and Volatile Fatty Acids (VFAs) 
The H2CO3* Alkalinity, as mgCaCO3/l, pH and volatile fatty acid concentration, in units mg/l as 
Acetic acid, were measured using the 5-point titration method (Moosbrugger et al., 1992). Samples 
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from the BSR units were collected and diluted in a ratio of 10ml sample in a 50ml aqueous solution 
using distilled water. This method for which the first pH point is the in-situ sample pH titrates a 
known molar hydrochloric acid to the diluted sample to four predetermined pH points and the 
volume of acid added to reach the four pH points, i.e. the pH points 6.7, 5.9, 5.2 and 4.3. A software 
package called Titra5 is used to enter the In-situ pH and the 4 titrated points as well as the free and 
saline sulfide, orthophosphate and free and saline ammonia (FSA) concentrations, if present, and 
the conductivity and temperature of the solution to determine the H2CO3* Alkalinity and VFA 
concentration. A Metrohm Dosimat (715) and Metrohm pH meter (744) was used to perform the 
titration and this pH meter was calibrated daily for in the pH measurement. 
 
3.2.4.10. Suspended Solid Methods (TSS, VSS and ISS -105oC and 550oC) 
The Total Suspended Solids (TSS) and Inorganic Suspended Solids (ISS) analytical methods 
followed those described in the American Public Health Association (APHA) Standards Methods 
2540 (2012). The TSS is measured by drying a known volume of mixed liquor sample over a 24-
hour period at 105ºC until only the dried solids remain. The weight of the dried sample is allocated 
to the TSS value. The dried TSS is then incinerating in a furnace at 550ºC for 20 minutes. The 
weight of the remaining ash is the ISS. The difference between the TSS and ISS is the Volatile 
(organic) Suspended Solids (VSS). 
 
3.3. Virtual Experimental Study Materials and Methods 
The virtual experimental study for this research involved the development of a prototype dynamic 
model describing the CSTR-BSR and GL-BSR integrated systems fed the synthetic FTRW+CMD 
mixture. An independent feed substrate pre-processor model should also be developed to describe 
the dynamics in the feed batches during a maximum feed period of 48-hours.  
 
As described in Section 2.8.3 (Chapter 2), the model building procedure consists of eight steps, 
1. Formulating the problem, 
2. Reviewing literature and collecting previous knowledge, 
3. Defining model objectives and a framework of operation,  
4. Selecting a model structure,  
5. Constructing a candidate model with stoichiometry and kinetics,  
6. Validating the model for consistency and mass balance, 
7. Parameter estimation and validation,  
8. Testing the final model (validation)  
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Important note: In this thesis, the feed COD concentration is used as an identifier to specify the 
specific experimental trial runs referred to, i.e. CSTR-BSR_5000 is the identifier for the operation 
of the CSTR-BSR system at a feed condition of feed substrate COD concentration 5000 mg/l or 
GL_BSR_N2_2500 refers to the trail run where the gas-lift BSR system operated under N2 gas 
stripping at feed Substrate COD concentration of 2500 mgCOD/l. It is also important to note that 
the Feed COD concentration is a marker to which other components of a specific feed mixture are 
pinned to, i.e. at feed COD concentration of 1250mgCOD/l the related sulfate concentration is 1644 
mgSO42-/l  
 
3.3.1. The Pre-processor: Feed Batch Condition model 
The pre-processor model is a physico-chemical process model that considers the equilibrium 
stoichiometries of the feed components in the gas and aqueous phases. The aqueous weak acid-
base speciation is well defined within literature and equilibrium dissociation constants, described in 
Chapter 2, Section 2.5.2, are used to model this. This pre-processor is developed in MATLAB® and 
will generate a text file that will be used as the input variable file for the prototype model developed 
in this study.  
 
3.3.2. The prototype model describing the BSR systems 
The prototype model for both the CSTR-BSR and GL-BSR integrated systems considers the 
modelling of the SRB, SOB, sulfur oxidising and ferrous oxidising bacteria activities. Also, the model 
includes the modelling of the components of the model in 3 phases. A detailed literature review of 
the reaction stoichiometry and kinetic equations of the process had been described in the review 
chapter of this thesis. The tools to be used in the development of the prototype model in this thesis 
are, 
i. The Microsoft Excel ® spreadsheet developed by Hauduc et al. (2010) that assist in the 
development of a Gujer matrix for the prototype model, 
ii. MATLAB® Curve Fitting Toolbox® software are used to determine the best-fit kinetic 
equations using the nonlinear least squares methods employed by this toolbox and,  
iii. DHI WEST® software are used for the implementation and simulation of the prototype model 
within this research. 
 
The application of these software are described in more detail in the approach section of this 
chapter. 
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3.4. Research methodology and approach 
The research methodology and approach that follows aims to provide a step-by-step description of 
the procedures followed to achieve the objectives set for this project. The workload to be completed 
in the present study can be categorised into two stages; 1) setup and start-up of experimental rigs 
and  collection and evaluating the mass and charge balances of the experimental datasets and 2) 
the development, implementation and simulations of a) a feed conditioning pre-processor and b) 
the prototype model describing the reactions of the CSTR-BSR and GL-BSR integrated systems.  
 
Furthermore, this part of the research was subdivided into three main work packages (WP) that 
entail tasks that have to be performed to achieve these final objectives of this research. 
(i) Work Package 1 (WP1) is primarily, the execution of Step 1 to 3 of the model-building exercise 
described in Section 3.3 and the design of a bench-scale experimental setup to generate the 
required datasets for model development, 
(ii) Work Package 2 (WP2) is the setup, start-up and operation of bench-scale experimental 
systems to produce the datasets necessary to ensure model identification, parameter 
estimation, verification and rudimentary validation for the purpose of kinetic equation selection 
and kinetic parameter estimations. In parallel to the experimental work, Gujer matrices for the 
i) the feed pre-processor and the prototype model is developed based on literature studies of 
the aquatic chemistry and reaction stoichiometries identified from experimental measurements 
and reaction kinetics reported in similar studies.  
(iii) Work Package 3 (WP3) are the final steps of developing a prototype model from the bench-
scale experimental datasets, after statistical analysis of the datasets, to validate the kinetic 
model parameters and compare the model with experimental results to establish the level of 
accuracy of the prototype. 
 
Completing these three work packages do not complete the model development procedure 
because further global sensitivity and scenario analyses will be required, as prescribed in stage 3 
and 4 of the BIOMATH protocol (Section 2.8.4) to produce a working prototype model for use in 
design and other applications. However, because completing work packages 1 to 3 meet the 
objectives of model development for this work, these further additional steps to finalise the 
modelling exercise are recommended for further work.  
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3.4.1. Work package one (WP1) 
The formulation of the research problem (Step 1). Step 2, which focusses on sourcing and review 
of relevant previous research, was covered in detail in the literature review (Chapter 2). The model 
objectives and framework definition (Step 3) was covered in Section 3.3, and the planning and 
design for the bench-scale experimental study were described in Section 3.2. 
 
3.4.2. Work Package Two (WP2) 
Essentially, work package 2 (WP2) is the execution of the planned bench-scale experimental 
studies to generate the datasets to enable: 
i) Setup, start-up and operate experimental units to collect datasets for each state variable 
changes and determine the mass and charge balances for these datasets collected, 
ii) identification of the stoichiometry of the reactions that to place in the experimental units, 
iii) gather sufficient high-quality datasets to allow validation of the reaction stoichiometries for 
both the CSTR-BSR and GL-BSR integrated systems.  
iv) Develop a prototype model describing both the above systems in Gujer matrix format, using 
literature from biological wastewater and acid mine drainage studies and the reactions 
observed from measurements of the experimental systems. 
 
WP2 will be implemented in two stages; 
i) WP2.1 (Stage 1) focused on the setup and start-up of the bench-scale experimental units and 
a first-stage review of the literature used in the construction of models.  
ii) WP2.2 (Stage 2) considers the operation of the bench-scale experimental units subject to 
changes in the operational state variables, i.e. 1) feed COD concentration, 2) Reactor 
retention times and 3), only relevant to the Gas-lift BSR unit, the variation of stripping/ carrier 
gas, i.e. a) CO2 gas, b) N2 gas and c) no gas. These datasets will be used to confirm the 
reaction stoichiometries observed in the bench-scale system and make amendments where 
necessary. Finally, WP2 stage 2 also considered the construction of the Gujer matrix model 
the CSTR-BSR and the GL-BSR integrated systems.  
 
3.4.2.1. Stage one (WP2.1) 
3.4.2.1.1.  Bench-scale Experimental systems: setup and start-up 
The setup and start-up of the CSTR-BSR systems, the Gas-lift BSR unit coupled to the H2S reactive 
absorption unit and the Fe2+ bio-oxidation unit are described in this section.  
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A. CSTR-BSR system 
a. Design Conditions and setup of the CSTR-BSR unit  
The two 5l operating volume CSTR-BSR systems were operated for this part of the bench-scale 
study. The layout and pictures of these units are presented in Section 3.2.1.2. These BSR reactors 
were operated at mesophilic temperature, i.e. 35-37oC by operating the units in a 36oC temperature-
controlled room at the Centre of Bio-Process Engineering (CeBER) laboratories, Department of 
Chemical Engineering, University of Cape Town. Each unit consisted of a glass reactor that was 
completely sealed with rubber bungs and was placed on a magnetic stirrer with the stirrer bar in the 
glass reactor to achieve continuous stirring. A double cartridge MasterFlex® peristaltic pump fed 
the reactors. The reactor operating volume was maintained at 5-litre with an inverted Y-joint 
overflow, where the one split returns to the top of the reactor and the other flows to the effluent 
holding tank. The pressure within the CSTR reactor and the waste bottle was equalised with a gas 
bag used to absorb pressure changes in the closed system.  
 
b. Start-up procedure 
Effluent with biomass from the Gas-lift BSR system was used to seed the CSTR-BSR systems. The 
CSTR-BSR units were fed the artificially prepared FTRW + CMD (described in Section 3.2.2) at a 
feed COD concentration of 1250 mg/l and the retention time of 30 days. This allowed for a low 
organic loading rate (OLR) and an opportunity for the active sulfate reducing bacteria (SRB) to grow 
to a steady-state. The methanogenic activity, which is an undesirable condition for these BSR 
reactors, was analysed. The methane content of the biogas from the gas space in each reactor was 
sampled and analysed. The Perkin Elmer gas chromatograph was used to analysed gas from the 
reactors.  
 
B. GL-BSR integrated system 
a. BSR Gas-lift unit of the integrated system (design conditions and setup) 
The Gas-lift-BSR unit and the H2S reactive absorption units of the integrated system were coupled 
in the bench-scale system as described in Section 3.2.1.1. The coupled Gas-lift and Absorption 
units consisted of, 
i) a feed container, a 2l, 5l or 10l glass bottle open to the air, 
ii) the double cartridge MasterFlex® peristaltic pump for synchronised feeding to and waste 
from the Gas-lift BSR unit, 
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iii) the 20-litre total volume gas-lift unit operated at a 16-litre liquid operating volume fitted with 
temperature control (37oC), a magnetic stirrer bar, outer insolation using adhesive 
polyurethane foam sheeting and gas course bubble spurging element, 
iv) the gas stripping and gas transport tubes between the two units driven by a chemical 
resistant (ILmvac®-MPC 601 E) vacuum pump, 
v) a 1.2l column (50cm (high) x 6.5cm (OD)), H2S reactive absorption unit operated at a 0.3l 
volume, 
vi) 2 x 1l liquid traps installed in the closed-loop gas transport lines connecting the two units to 
ensure no liquid transport between the units,  
vii) the H2S Reactive Absorption unit fed and wasting pump, which was a double cartridge 
peristaltic pump to introduce new Fe3+ solution to the absorption column while removing 
spent ferric solution comprising of Fe2+, Fe3+and S0 
viii) a gas-bag installed as a sideline connection to the gas transport lines to absorb gas pressure 
fluctuations within the gas-lift BSR system and,  
ix) an operating gas pressure controller, which was a manometer, which acted as a gas by-
pass valve and line, excluding the gas-lift BSR unit. 
 
b. BSR Gas-lift unit of the integrated system (Start-up procedure) 
The Gas-lift BSR unit of the integrated system was seeded with BSR waste sludge obtained from 
the ERWAT Rhodes BioSURE® Process and waste effluent from a CSTR-BSR unit fed lactate 
obtained from CeBER, Department of Chemical Engineering, University of Cape Town. The gas-lift 
reactor was initially operated as a CSTR unit with magnetic stirrer mixing. The operating volume 
was increased to the 16l over time by feeding without wasting. During this start-up period, the gas-
lift BSR unit was fed the artificially prepared FTRW + CMD (described in Section 3.2.2.) at a COD 
concentration of 1250 mg/l and a retention time of 30 days, similar to the procedure described for 
the CSTR-BSR units. During the start-up period, 1.6 g/l of 2-Bromo-1-ethane-sulfonic acid (BESA) 
was added the 5l seed SRB feed to inhibit MPA at mesophilic temperature conditions, between 35 
to 37oC for this unit, and the pH maintained between 7 and 8 throughout start-up period spurge the 
system with either CO2 or N2 gas to reduce or increase the pH respectively. The redox potential of 
the start-up operation was monitored closely to ensure a redox measurement of less than -200mV 
be maintained to ensure the SRB activity remained optimal.  
 
c. The H2S Reactive Absorption Unit (Start-up Procedure) 
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The 65mm outer diameter and 0.5m tall H2S gas reactive absorption unit were operated at a 600ml 
volume, which is to a 0.2m liquid column height without gas spurging. This physico-chemical 
process does not require a lengthy start-up period compared to the biological processes. During 
the start-up and normal operation, the feed holding container and reactive absorption column were 
filled to the required volumes with the ferric solution (described in Section 3.2.2.2). Next, the system 
was spurged with N2 gas from the inlet line of the absorption column, before the inlet liquid trap, 
through the absorption unit and through the outlet liquid trap to ensure all air was driven out of the 
system. Before operation start-up, the ferric solution was recycled through the absorption column 
and solid separator to ensure that this closed-loop process operates correctly and that the liquid 
levels are maintained in all the units of the closed-loop process. The H2S reactive absorption unit 
does not operate under a controlled temperature condition, but the laboratory temperature varies 
between 20 and 25oC. During start-up, the H2S gas reactive absorption column was switched in line 
with the gas-lift BSR unit by opening the lines connected to the BSR unit.  
 
d. The Fe2+ Bio-oxidation Unit (Design Conditions and setup) 
The present research study proposed the operation of the H2S reactive absorption unit coupled to 
the Fe2+ bio-oxidation unit, to regenerate the Fe3+. However, due to the lack of separation 
equipment, the bio-oxidation system was not operated fully integrated system with the H2S 
absorption unit. In hindsight, this decoupling of the two bio-processes within the GL-BSR integrated 
system proved to be advantageous in that control can be exercised over the variation of the ferrous 
feed concentration and the Fe2+ bio-oxidation retention times. This allowed for the generation of 
suitable datasets for use in the validation of the kinetic parameters of a Monod based expression 
describing this biological process.  
 
The Fe2+ bio-oxidation process (as described in Section 3.2.1.1.) consisted of, 
i) A feed container placed on a magnetic stirrer containing the Fe2+ feed mixture (described in 
Section 3.2.2.3), 
ii) A 2l glass reactor unit operated at 1l reactor volume, 
iii)  A double cartridge MasterFlex® peristaltic pump to ensure simultaneous and equal quality 
feed and wasting volumes, 
iv) Ceramic packing that rose approximately 30 to 40 % of the liquid high in the reactor and 
acted as the attachment media for the Fe2+ oxidation bacteria which was a pure culture of 
Leptospirillum ferriphilum, 
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v) Aeration of the Fe2+ bio-oxidation with a fishpond aeration compressor fitted with a filter and 
activated carbon humidifier to remove impurities from the air and a sandstone diffuser for 
fine bubble aeration of the reactor unit.  
 
e. The Fe2+ Bio-oxidation Unit (Start-up Procedure ) 
A pure culture of Leptospirillum ferriphilum sp. sourced from the system of Duku et al. (2011), 
conducted in the Centre for Bioprocess Engineering Research (CeBER), Department of Chemical 
Engineering, University of Cape Town (South Africa), was the inoculum for the Fe2+ bio-oxidation 
unit used in the present study. Continuous aeration supplied oxygen to the ferrous oxidising 
bacteria. The Ferrous mixture (described in Section 3.2.2.3) at a 5 g/l feed concentration and a 
retention time of 10day was applied during the start-up period of this unit.  
 
3.4.2.1.2.  A virtual experimental study ( development and implementation) 
During WP2.1, the reaction stoichiometries as observed in the experimental CSTR-BSR and GL-
BSR systems and that described in literature were validated for inclusion into a Gujer matrix. To 
develop these Gujer matrices, in WP2.2, the reaction stoichiometries for the biological reactions are 
subdivided into its metabolic pathways for growth (anabolic) and energy production (catabolic) 
reactions. Thus, if a product of a bioreaction is measured within a reactor, the growth path of the 
microorganisms mediating this reaction should also be included in the reaction stoichiometry.  The 
overall bioprocess for each reaction is the sum of the two pathways and are derived from the yield 
coefficient of the macro-organism group mediating the specific reaction. Additionally, the elemental 
mass and charge balances for the stoichiometry for the chemical, physical and biological reactions 
should be insured. The derivation for each reaction stoichiometry was done using Microsoft Excel® 
spreadsheets. 
 
3.4.2.2. Stage two (WP2.2) 
WP2.2 comprises of the operation of the two bench-scale experimental systems varying the state 
variables applicable to the needs set-out by the objectives in the present study. Measurements are 
collected to construct the datasets required in the study. Also, the collected datasets were checked 
with statistical analysis and mass and charge balances for the COD and Sulphur-based 
compounds, for the BSR unit operations and iron compounds balances over the reactive absorption 
and Fe2+ bio-oxidation units.  
  
3.4.2.2.1. Bench-scale Experimental study (Operation and Dataset collection) 
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The systems were continuously fed at steady-state until a step change of a single selected state 
variable was implemented. Only after the system reached a new steady-state were samples again 
collected for analysis. The results of each steady-state demonstrated the effects of the change in 
state variables. Feed concentrations and reactor retention times were generally the changes made 
to the state variables in this research study. However, the carrier gas used to transport H2S gas, 
used in the BSR Gas-lift unit was also changed between N2 and CO2 gas. 
 
The measured data collected for each steady-state condition of each trail run characterised by the 
selected variables were reported in Appendix 1A. Also, the sampling frequency, sampling points 
and measured results collected for each sample were comprehensively described in Sections 3.2.3 
and 3.2.4 above. 
 
i. CSTR-BSR system 
The CSTR-BSR units were operated at 30 different steady state period shown in Appendix 1A, 
Table A3. These steady-state periods are characterised by different feed COD concentrations 
(mgCOD/l) ,i.e. 1250, 2500, 5000, 7500 and 10000 (mgCOD/l), each at different retention times, 
i.e. 2.5, 5, 10, 15 and 30 days. The trial run at the different COD concentrations at the 7.5 days 
retention time is used for the rudimentary validation of the kinetic parameters of the simulation 
results from the prototype model.  
 
The steady-state runs for the CSTR-BSR units were conducted by first selecting operational reactor 
retention times for both BSR units (because they were both fed by the same double cartridge 
MasterFlex® peristaltic pump). Then, the feed COD concentration was varied at each steady-state 
run, e.g. one unit would be fed a COD concentration of 1250 mg/l and the other a COD 
concentration of 2500 mg/l. These units were operated for a duration of at least two times the 
selected hydraulic retention times (HRTs) before samples were collected from sample points P1 
and P2. The results from the first 5 days of measurements were trended to check that the units 
were operating at steady-state or not, i.e. the measured results did not display a consistent 
significant increasing or decreasing trend. The minimum sample size for each steady-state was at 
least 8 data points over at least one retention time for each of the measured parameters listed in 
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ii. GL-BSR integrated System 
a. The Gas-lift BSR unit 
The BSR gas-lift unit was operated at 33 different steady-state trial runs (periods) see in Appendix 
1A, Table A2. These steady-state trial runs of variations of the state variables, i.e. the feed 
concentration identified based on the COD concentrations (mgCOD/l), the reactor retention times 
(days) and the variation of the carrier gas, i.e. CO2 and N2 gas, or at times operated as a CSTR unit 
(no gas stripping). The BSR gas-lift unit was operated at the retention times 2.5, 5, 10, 15 and 30 
days, used for model verification, and 7.5 days, used for model validation. The feed concentration 
to the BSR gas-lift unit was varied at 2500 and 5000 mgCOD/l for each selected retention time. The 
carrier gas was varied between CO2, N2 gas and no gas for each feed COD concentration.  
 
As for the CSTR-BSR unit, the BSR gas-lift unit was operated for at least 2 x HRT before samples 
were collected. Similarly, the results of the first 5 days were checked to establish whether or not the 
unit was operating at steady-state. The sample size for each steady-state trial were at least 8 data 
points over at least one retention time for each of the measured parameters listed in Table 3.2B, 
Section 3.2.3.1. 
 
b. The H2S Reactive Absorption unit 
The H2S gas fed to the absorption unit was stripped from the GL-BSR unit. Samples were taken 
from the H2S gas Reactive Absorption unit during the times when the BSR unit was determined to 
be at steady-state. This was considered suitable because the physico-chemical reactions in the 
absorption unit are significantly faster than the biological processes of the BSR unit and would, 
therefore, reach steady-state in a very short time. Furthermore, by measuring the two units during 
the same periods the results from the absorption unit are reconciled with the prevailing conditions 
in the BSR unit. During the steady-state operating period of the BSR unit samples were collected 
from the H2S absorption unit at points P3, P4 and P5 and analysed for the parameters specified 
with Table 3.2B. 
 
Ferric solution was fed to and wasted from the absorption unit on a continuous basis with a double 
cartridge peristaltic pump during the operation of the bench-scale GL-BSR integrated system. This 
iron solution stream represents the connection point between the reactive absorption unit and the 
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Fe2+ bio-oxidation unit in the integrated GL-BSR system. The ferric solution concentration fed to the 
absorption unit was kept at 10gFe/l (see Section 3.2.2.2). 1.5l/d Fe3+ solution was used per day, of 
which 600ml was in the absorption column at any time, 200ml was in the settling unit and 700 ml in 
the stock holding bottle, which was replenished on a daily basis. The gas flow rate of the carrier 
gas mixture to the absorption unit was measured with a rotameter gas flow meter with an aluminium 
rotor and range between 60 and 80l/min. This gas stripping was operated intermittently (30sec in a 
10minute period) controlled by means of a timer.  
 
c. The Ferrous biological oxidation unit 
The Fe2+ bio-oxidation unit was operated as a continuously fed CSTR unit where the reactor 
retention time and feed iron concentration were varied. This unit was operated at 30 different 
steady-state periods were fed Fe2+ concentration (described in Section 3.2.2.3) was varied at 5, 10, 
15, 20 and 25 g/l for the retention times of 0.5, 0.75, 2.5, 5 and 10 days. The HRT of 1 day was 
used for verification of the prototype model (Appendix 1A, Table A4). Similar to the operation of the 
CSTR-BSR units, the Fe2+ bio-oxidation unit was operated for 2 x HRT before sampling started. 
Samples were collected at points P6 and P7 as shown in Figure 3.2K and analysed for the 
parameters indicated in Table 3.2B. To avoid the onset of product inhibition from the Fe3+ 
concentrations, an ORP measurement of greater than +450mV was maintained, which would 
sustain a Fe3+/Fe2+ ratio of greater than 0.2 as reported by Kazadi and Petersen (2008). The sample 
size for each steady-state was not less than 7 measurements and the data over the first 5 days 
were checked to determine whether steady-state has been reached in the system.  
 
3.4.2.2.2.  Gujer Matrices development and Initial simulation implementation 
The model development work performed as part of WP2.2 was, 
i. statistical analysis of the datasets generated from the experimental unit,  
ii. development of the Gujer matrices describing the CSTR-BSR system and the GL-BSR 
integrated gas-lift system using a combination of literature information and the datasets 
collected and, 
iii.  model verification (consistency and mass balance checks) and parameter estimation in the 
kinetic rate equations. 
On completion of each steady-state experimental period, the results obtained was subjected to 
statistical analysis, i.e. checking for conformity to normal distribution determination of the sample 
mean, the standard deviation and the confidence level based on the normal distribution of the 
datasets. 
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3.4.3. Work package 3 (WP3) 
WP 3 only consists of modelling and simulation work. Thus, WP3 includes, 
 
3.4.3.1. The feed mixture dynamics and pre-processor development 
The bench-scale experimental integrated BSR Gas-lift integrated and CSTR-BSR systems were 
fed artificially prepared approximation of Fischer-Tropsch Reaction Water (FTRW) and Coal-mine 
drainage (CMD) mixture. The composition of the feed mixture as described in Section 3.2.2.1 and 
details about the formation and production of these effluent streams from mining and industrial 
sources are provided in i) Section 2.3.4.1 for the FTRW and ii) Section 2.2.1 for Coal-mine drainage.  
 
This artificially prepared feed mixture fed to the experimental systems in the present study exists in 
a stable 2-phase aqueous and gaseous state due to CO2 oversaturation. This meant that the 
composition and speciation of the components in the feed changed with time in a 24-hour cycle. 
This due to the increasing pH of the feed batches over 24-hours. These changes in the weak acid-
base chemistry of each feed batch have influences the aqueous phase speciation of the aqueous 
environment of BSR reactors during the operation of these reactors over 24 hours. This dynamic 
behaviour observed in the feed mixture used the laboratory study would also apply to full-scale 
operations even for continuously mixed feed system. A Gujer Matrix that describes the dynamic 
behaviour of the feed is developed and implemented in MATLAB® as the feed processor to 
generate a text file for use as the feed input file to the DHI ® WEST ® simulations. 
 
3.4.3.2. The protype model processes  
The stoichiometry of the reactions was derived based on the COD substrate utilised in the case of 
the SBRs. From the datasets of the CSTR-BSR system, most of the reactions that occurred within 
this system are identified. This is followed by the reaction stoichiometries of the SOB using the 
intermediate products sulfide and elemental S in the cases where limited oxygen leaked into the 
BSR units. These datasets provided sufficient information to calibrate the kinetics for SRB and SOB 
activity that includes substrate and sulfide inhibition influences. Measurements were taken to 
quantify elemental S in the CSTR-BSR systems, but polysulfide was estimated from indirect 
methods and literature information. Furthermore, the reaction stoichiometries for thiosulfate (S2O32-
) and sulfite (SO32-) were included into the elemental sulfur to regenerated sulfate reactions, due to 
limited capacity to measure these components.  Experimental acid titration equilibrium studies were 
conducted, in an oxygen-free environment, to determine the elemental S and polysulfide 
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equilibrium, using an elemental sulfur measurement method. This method also assisted in 
determining the polysulfide concentrations, in terms of its sulfur elemental concentration (mgS/l), 
which is an indirect measurement method.  
 
The reaction stoichiometries related to the GL-BSR integrated gas-lift system also included 
elemental S generation from H2S transported to the ABS unit and the regeneration of ferric from 
ferrous in the S0 generation process. The reaction stoichiometry and rate equations of the H2S gas 
reactive absorption unit (ABS) are for the most part well described in the literature. However, the 
bench-scale experimental study identified precipitation of iron-based components, e.g. FeCO3 with 
the expected S0. This iron-based compound make–up a maximum of 10% of the total filtered and 
dried solid products formed in the ABS unit. These products are included in the modelling of the 
absorption unit. Finally, the modelling of the second significant biological process, i.e. the Fe2+ bio-
oxidation unit, is also very well documented in literature and reaction stoichiometry of the prototype 
model was derived from literature. The kinetic parameters of the rate equations for these units are 
estimations using nonlinear least squares methods pre-programmed into the MATLAB® Curve 
Fitting Toolbox. Kinetic parameter estimations and rate equation selections are conducted using 
the experimental datasets generated from the experimental studies of CSTR-BSR and BSR Gas-
lift integrated systems. The reaction stoichiometries were checked for mass and charge balances 
using the Microsoft Excel ® spreadsheet developed by Hauduc et al. (2010) to ensure that mass 
continuity and charge balances for all the reactions. Kinetic parameter estimation will be determined 
from nonlinear least squares methods using MATLAB® Curve Fitting Toolbox based for Monod, 
Contois and other kinetic expressions.  
 
Next, all the above stoichiometries and rate equations are needed to develop a Gujer matrix for the 
prototype model of both systems. The implementation of this Gujer matrix for the prototype 
model into the DHI WEST® software is discussed in Chapters 6. Some kinetic equation 
selection and parameter estimations, using the experimental datasets, are required for 
simulation runs of the prototype model in DHI WEST® software. These parameter 
estimations is done using MATLAB® Curve Fitting Toolbox. Rudimental validation of the 
prototype model is conducted in Chapter 7, to check the validity of the model based on the 
limited model calibrations related to the kinetic parameters. This validation, therefore, does 
not include modelling practices like global sensitivity and scenario analyses. However, 
comparison studies were conducted between the standard CSTR-BSR system and the 
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BSR Gas-lift integrated system which considers the advantages and disadvantages of one 
system over the other. 
 
The outcomes from the model development procedure in this study are, 
i. To, includes the verification of the individual processes that occur with the CSTR-BSR and 
GL-BSR systems, 
ii. Then, to includes an experimental study to be used in preliminary parameter estimations 
and model validation 
iii. Next, include the selection of the best-fit reaction rate equations for each of the individual 
processes and perform preliminary kinetic parameter estimations for the selected zero 
inhibition proxy trail runs. The zero proxy trails are selected for being the ones with the 
fastest substrate utilisation rates for a specific biomass activity, thus either for the SRB all 
fed the same mixture of substrate, irrespective of changes in concentration.  
iv. However, it excludes the calibration procedure that includes global sensitivity analysis and 




This chapter describes all the material and methods used in the research to develop a prototype 
dynamic model describing the co-treatment of CMD and FTRW. The artificially prepared FTRW 
used in this research consists of the volatile fatty acids (VFAs) acetate, propionate, butyrate and 
valerate. The CMD for thus research was represented by an SO42- solution, neutralised by Na2CO3 
to a pH in the range of 5.7 to 6.2. The make-up and dynamics of the artificially prepared feed mixture 
are described in more detail in Chapter 4.  
 
A bench-scale experimental biological sulfate-reducing gas-lift (GL-BSR) integrated system and 
continuously stirred tank reactor (CSTR-BSR) systems were operated to generate the mass 
balanced based datasets needed for the development of the prototype model describing the co-
treatment of CMD and FTRW. These datasets are necessary for the process identification, 
verification and validation of the prototype model. The following analysis was performed to construct 
the datasets required from both the GL-BSR integrated system and the CSTR-BSR systems.  
i. Chemical Oxygen Demand (COD) with modifications, 
ii. pH (In-situ), 
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iii. Oxidation-Reduction Potential (Redox), 
iv. Conductivity, 
v. Sulfate concentration (HPLC Method), 
vi. 5 Point Titration: i) H2CO3* Alkalinity, ii) pH and iii) VFAs (mg/l as Ac-), 
vii. Dissolved Sulfide (H2S, HS- and S2-) assay, 
viii. Ferrous (Fe2+) and Total Iron analysis 
ix. Sulfate Analysis (using HPLC – Anion Column) 
x. Volatile Fatty Acids (VFAs) analysis (using HPLC – Biorad Organic Acids Column) 
xi. Elemental S analysis (using – HS (C18) column) 
xii. Total Suspended Solid (TSS), Volatile Suspended Solids (VSS) and Inorganic Suspended 
Solid (ISS) 
 
The research methodology and approach have been described in detail in Section 3.4. It provides 
a step-by-step description of the procedures to achieve the objectives set for this research. The 
workload was divided into three work packages (WP). WP1 describes the planning and design for 
the bench-scale experimental study. WP2 is further subdivided into two stages. WP2.1 (Stage 1) 
focused on the setup and start-up of the bench-scale experimental units and a first-stage review of 
the literature used in the construction of a prototype model. WP2.2 (Stage 2) considers the 
operation of the bench-scale experimental units subject to changes in the operational state 
variables. WP3 described the virtual experimental study and tools used to develop the Gujer matrix 
for this prototype model, perform the needed reaction rate equation selection and kinetic parameter 
estimation using Matlab® Curve Fitting Toolbox ®. In the final part of WP3, the implementation of 
the model into DHI WEST® simulation software is described.  
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CHAPTER FOUR: 
FEED CONDITIONING AND PRE-PROCESSOR  
4.1. Introduction  
The bench-scale experimental integrated BSR Gas-lift integrated and CSTR-BSR systems were 
fed artificially prepared approximation of Fischer-Tropsch Reaction Water (FTRW) and Coal-mine 
drainage (CMD) mixture. The composition of the feed mixture as described in Section 3.2.2.1 and 
details about the formation and production of these effluent streams from mining and industrial 
sources are provided in i) Section 2.3.4.1 for the FTRW and ii) Section 2.2.1 for Coal-mine drainage.  
 
Usually, the make-up of a feed (substrate) is dealt with in Section 3.2.2.1 of research. However, the 
artificially prepared feed mixture fed to the experimental systems in the present study exists in a 
stable 2-phase aqueous and gaseous state due to CO2 oversaturation. This meant that the 
composition and speciation of the components in the feed changed with time in a 24-hour cycle. 
This due to the increasing pH of the feed batches over 24-hours. These changes in the weak acid-
base chemistry of each feed batch have influences the aqueous phase speciation of the aqueous 
environment of BSR reactors during the operation of these reactors over 24 hours. This dynamic 
behaviour observed in the feed mixture used the laboratory study would also apply to full-scale 
operations even for continuously mixed feed system.  
 
The current chapter considers the compositions and dynamics of the actual FTRW and Coal-mine 
drainage (CMD) mixtures to be used as the substrate to the BSR systems (Section 2.3.4.1 and 
Section 2.2.1 (Table 2.2.1.a)). A Gujer Matrix that describes the dynamic behaviour of the feed is 
developed and implemented in MATLAB® as the feed processor to generate a text file for use as 
the feed input file to the DHI ® WEST ® simulations. Furthermore, the results generated by the pre-
processor are compared with results obtained from the bench-scale studies of the feed batches 
tested and discussed in the current chapter. The pre-processor is developed independently from 
the prototype model simulated in DHI WEST® to avoid mathematical stiffness during the simulation 
of the prototype model, as reported by Lizarralde et al. (2015).  
 
4.2. Actual FTRW and CMD Composition, Speciation and pH estimation 
The speciation and pH for the actual reported FTRW and Coal-mine drainage (CMD) are evaluated 
using weak acid-based chemistry for the reported compositions. In doing so, the reported 
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composition can be validated using the reported pH vs the calculated pH. If discrepancies arise 
between the calculated and reported pHs, then the components are adjusted with Ca(OH)2 (slaked 
lime) or CaCO3 (Limestone) addition, to match predicted and measured pH. Furthermore, the pH 
established after mixing of the actual FTRW and CMD are also determined experimentally.  
 
The components of the Coal-mine drainage (CMD) are SO42- = 3258mg/l, Fe2+/Fe3+ = 0.3mg/l, Ca2+ 
=176 mg/l, Mg2+ = 160 mg/l, Na+ = 1200 mg/l, Cl- = 260 mg/l, Alkalinity (inorganic carbon) = 115 
mg/l (as CaCO3) and TDS (Total Dissolved Solids) = 5200 mg/l. It is reported that this CMD has a 
pH equal to 8.5. The composition and pH of the actual FTRW are in part given in Van Zyl et al. 
(2008) but not completely specified due to confidentiality issues around the composition of the Sasol 
FTRW. So, an approximate FTRW was used in the present study. The composition of Fischer-
Tropsch Reaction Water (FTRW) is described in Sections 2.3.4, 3.2.2.1 and shown in Table 3.2.a. 
It consists primarily of Acetic acid = 7526 mgCOD/l, Propionic acid = 3626 mgCOD/l, Butyric acid 
= 2517 mgCOD/l and Valeric acid = 1331 mgCOD/l. 
 
The pH and speciation of the mixture of actual FTRW and CMD were determined using the 
MATLAB® platform and the code presented in Appendix C. Table 4.2.a shows the summary of the 
result from the simulation for; i) the actual CMD stream, with no lime or CaCO3 addition, ii) the 
FTRW stream and iii) the 14/86 percentage v/v mixture of the two streams.  
 
11Table 4.2.a: Actual FTRW and Actual CMD and the Mixture of the Effluent Streams 
Components Added Units  
FTRW + CMD Mixture Actual FTRW Actual CMD 
ƒmass CODin Conc ƒmass CODin Conc ƒmass CODin Conc 
pH      3.55   2.77   7.79 
CODin mgCOD/l         1.00  2053.9         1.00  15000     
Ac mgCOD/l       0.502  1031       0.502  7526     
Pr mgCOD/l       0.242  496       0.242  3626     
Bu mgCOD/l       0.168  345       0.168  2517     
Va mgCOD/l       0.089  182       0.089  1331     
SO42- mgSO42-/l         0.73  2814             0.73  3260 
Fe2+/Fe3+ mg/l 0.00009 0.26     0.00009 0.3 
Ca+ mg/l 0.054 152     0.054 176 
Mg+ mg/l 0.049 138     0.049 160 
Na+ mg/l 0.368 1036     0.368 1200 
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Cl- mg/l 0.080 224     0.08 260 
Alk mg/l as CaCO3   115       115 
TDS mg/l   4360       4490 
Make-up Vol l   1000   137   863 
 
Figure 4.2.a shows the Log Species diagram for the results of the mixture of the actual FTRW and 
the actual CMD as listed in Table 4.2.a. 
 
41Figure 4.2.a: Mixing Actual CMD and FTRW 
The pH of the feed mixture was determined to be at equilibrium at 3.55. This is due to the dominating 
influence of the VFA species in the mix of the actual FTRW + CMD. However, a few preliminary  
experimental runs using the feed mixture at pH 3.55, showed that low pH of the feed mixture 
resulted in failure of the BSR systems operated at higher substrate feed loading rates. This related 
to the cases where the feed mixture concentrations were high than 5000mgCOD/L and the HRTs 
lower than 2.5 days. To prevent this type of system failure, the pH of the feed mixture was raised 
to above 5. An ideal pH range was determined experimentally to be within the pH range of 5.8 to 
6.2, for the artificial feed mixture. Selecting a pH greater than 5 would ensure that the BSR system 
pH would never fall below a pH of 5 even at higher feed loading rates, This higher pH was obtained 
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4.3. The make-up of the Artificial Feed Components, Speciation and pH 
estimation  
The procedure for the preparation of the artificial feed mixture used in the present study differs 
somewhat from the mixing of the actual FTRW and CMD described above. The artificial feed was 
made up by firstly preparing an acidic feed mixture that contains all the volatile fatty acids of the 
FTRW and all the components of CMD without the Na+ and H2CO3*Alkalinity represented by CO32-
. Next, an aqueous solution of Na2CO3 was added to adjust the pH of the acidic feed mixture to 
produce a feed batch with a pH ranging between 5.8 to 6.2. This section considers the make-up of 
the individual aqueous solutions, as such the acidic feed mixture and the Na2CO3 solution to 
determine the speciation and pH established for these solutions. Appendix C.2. shows the 
MATLAB® code applied iteratively to determine the speciation and pH established for the individual 
solutions.  
 
4.3.1. The make-up of the acidic feed mixture and speciation and pH estimation 
The artificial acidic feed mixture fed to the bench-scale experimental systems contained the same 
volatile fatty acids (VFAs) as the actual FTRW which were added in their acidic form, i.e. acetic 
acid, propionic acid and the sulfate component of CWM also added in its acidic form as H2SO4. 
These are the dominating species establishing the low pH established the acidic feed mixture. The 
composition of the stock acidic feed mixture is shown in Table 4.3.a.  
 
12Table 4.3.a: Stock Acidic Artificial Feed mixture 
Component Units fraction of COD   
COD concentration mgCOD/l 1.00 25500 
HAc mgCOD/l 0.41 10455 
HPr mgCOD/l 0.26 6630 
HBu mgCOD/l 0.21 5355 
HVa mgCOD/l 0.12 3032 
H2SO42- mgSO42-/l 1.37 34932 
NH4+   from NH4Cl mgN/l 0.015 379 
HPO42- from K2HPO4 mgP/l 0.010 252 
Mg+  for MgCl2 mg/l 0.0013 32 
Ca+ from CaCl2 mg/l 0.0003 7 
K+ K2HPO4 mg/l 0.008 214 
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The speciation and pH established in the mixture of these acids and salts are determined using the 
proton balance equations E4.3.f and g.  
𝐿𝐿𝐻𝐻𝑆𝑆 = 2 𝑆𝑆𝑂𝑂42− + 𝐻𝐻𝑆𝑆𝑂𝑂4− + 𝐴𝐴𝑐𝑐− + 𝐴𝐴𝑃𝑃− + 𝐵𝐵𝐵𝐵− + 𝑉𝑉𝐶𝐶− + 𝑂𝑂𝐻𝐻−     (E4.3.f) 
𝑅𝑅𝐻𝐻𝑆𝑆 = 𝑁𝑁𝐻𝐻4+ + 𝐻𝐻2𝐴𝐴𝑂𝑂4− + 𝐻𝐻+        (E 4.3.g) 
Where RHS and LHS refers to the right-hand side and left-hand side, respectively.  
 
The MATLAB® simulation for the acidic feed mixture is given in Appendix C.3. are shown in Figure 
4.3.a. The pH range established for this mixture based on computations and actual measurements 
was pH = 1.6 to 1.8.  
 
42Figure 4.3.a: Acidic Feed Solution Speciation and pH 
 
4.3.2. Speciation and pH estimation for the Sodium Carbonate solution 
The mass of Na2CO3 salt added to make-up the sodium carbonate solution to adjust the pH of the 
acidic feed mixture to a pH range from 5.8 to 6.2 was based on the feed COD of the targeted feed 
batch mixtures. An empirically determined relationship of 2.6 times the target feed COD 
concentration, in g/l, was used as a rough estimate for the concentration of Na2CO3 salt required in 
g/l, to attain the target Na2CO3 solution for each feed COD case. Table 4.3.b shows the Na2CO3 
added to each solution based on the target COD concentration.  
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Component Units fraction  COD Sol. (gCOD/l) added to 
      1.25 2.5 5.0 7.5 10.0 
CO32- g/l 
          
0.57  1.840 3.679 7.358 11.037 14.716 
Na+ g/l 
          
0.43  1.411 2.821 5.642 8.463 11.284 
Na2CO3 g/l   
3.250 6.500 13.000 19.500 26.000 
 
The proton balance expression for the inorganic carbon system using carbonate as the reference 
species was used to determine the speciation and pH as shown in equations E4.3.h and i. 
𝐿𝐿𝐻𝐻𝑆𝑆 = 2 × 𝐻𝐻2𝐶𝐶𝑂𝑂3∗ + 𝐻𝐻𝐶𝐶𝑂𝑂3− + 𝐻𝐻+      (E. 4.3.h) 
𝑅𝑅𝐻𝐻𝑆𝑆 = 𝑂𝑂𝐻𝐻−         (E. 4.3.i) 
The simulation results are presented in Figure 4.3.b and c for COD target 1250 and 10000 
mgCOD/l, which are the minimum and maximum feed COD concentrations used in the bench-scale 
study. 
 
43Figure 4.3B: Na2CO3 Solution Speciation 
and pH for mixing with COD = 1250mg/l 
44Figure 4.3C: Na2CO3 Solution Speciation 
and pH for mixing with COD = 10000mg/l 
 
 
The speciation and pH established for 2500, 5000 and 7500 mgCOD/l are between the values 









































































Chapter Four                                                                 Feed Conditioning and Pre-Processor 
139 | P a g e  
 
targeted COD concentrations are 11.17 (1250), 11.31 (2500), 11.48 (5000), 11.63 (7500) and 11.76 
(10000) and are shown in Figure 4.3.d.  
 
 
45Figure 4.3.d: Na2CO3 solutions pH established trend 
 
The pHs established in all Na2CO3 aqueous solutions trends from pH = 11.17 at the COD target 
solution of 1250 to 11.76 for the COD target solution of 10000. All the pHs established for the 
aqueous solutions ranges within one pH unit for the addition of Na2CO3 from about 3000 mg/l (1250) 
to above 40000 mg/l (10000), as can be seen from Table 3.2.b.  
 
4.4. Feed Batch Make-up and Conditioning Modelling 
A specific volume of the stock acidic feed mixture is added to the corresponding Na2CO3 solution, 
based on the final batch targeted COD concentration, to produce a batch of feed mixture for use in 
the bench-scale study. A feed batch mixture is prepared by adding the stock acidic feed mixture 
described above to the selected Na2CO3 solution to ensure that the final pH of the feed batch is 
within the range 5.8 to 6.2.  
However, any aqueous system open to the air, which was the case for the feed batches fed to the 
experimental systems, will move towards establishing a CO2 equilibrium with the surrounding air. 
For the feed mixture oversaturated with CO2, this means the release of inorganic carbon (CO2) from 
the aqueous phase and a resulting change in the feed speciation and increase in pH. Indeed, during 
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mixture. The CO2 gas release can be observed from the bubbles released and the fast change in 
pH during make-up of each feed batch, as can be seen from pictures presented in Figure 4.4.a for 
the make-up of feed COD concentrations 2500, 5000 and 7500 mgCOD/l. 
 
46Figure 4.4.a: CO2 gas release from feed batches after make-up at time zero 
The target pH range for the feed batches was 5.8 to 6.2, which is achieved by mixing the Na2CO3  
and acidic feed solutions. The pH was measured immediately after, mixing and the time at which 
the pH was measured was set as time zero.  
 
Each of the feed batches were then fed over a 24-hour period and in some cases a 48-hour period. 
During the feeding period, CO2 continued to exit the feed batch in moving towards CO2 partial 
pressure equilibrium between the feed batch aqueous phase and the surrounding air. This changed 
the influent material content (lower CT) and also the reactor’s material content and pH. The CO2 
evolution was modelled to take this influence into account in modelling of the reactor.  
 
The feed mixtures were made up as daily batches to ensure that the COD:SO42- ratio were 
maintained between 0.67 to 0.73 and to limit the effects of bubbling caused by CO2 gas release 
during mixing.  
 
4.4.1. Feed batch Speciation and pH estimation at CO2 equilibrium conditions  
To determine the CO2 evolution rate, the equilibrium conditions for each feed COD concentration 
mixture needed to be determined to validate that the CO2 or H2CO3* concentration of the mix 
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exceeded the CO2 equilibrium concentration for the feed batch. Initially, the high H2CO3 
concentration caused CO2 bubbling during make-up. This is explained graphically with the 
Alkalinity-Acidity-pH diagram, Figure 4.4.b, which shows a visual presentation, not an accurate 
representation, of the feed mixture at ρCO2 equilibrium (eql.) at point (P3). Na2CO3 solution at P1 
is a CO32- acidity equivalent solution which plots at Acidity = 0 on the Alkalinity-Acidity-pH diagram.  
 
47Figure 4.4.b: Alkalinity-Acidity-pH diagram representing the CO2 equilibrium conditions 
 
The dark curved line on the diagram through point P3 represents the aqueous-gas CO2 equilibrium 
line with atmosphere. Therefor P3 is the final equilibrium state for a feed batch where CO2 
equilibrium exists between the feed batch aqueous phase and air. As the acidic stock feed mixture 
is added to the feed batch during the make-up process, the pH is shifted from P1 (under saturation) 
across the CO2 equilibrium points (P3), to an oversaturated condition. The P3 equilibrium point was 
calculated for the feed batches at each COD feed concentration, using the MATLAB® code iteration 
presented in Appendix C3. The proton balance equations for the equilibrium point (P3) are: 
i. Equation E. 4.4.a that describes the system Alkalinity at P1 and P3 
𝐴𝐴𝐿𝐿𝐾𝐾𝑀𝑀𝑎𝑎𝑐𝑐 = 2 × [𝑆𝑆𝑂𝑂42−] + [𝐻𝐻𝑆𝑆𝑂𝑂4−] + [𝐴𝐴𝑐𝑐−] + [𝐴𝐴𝑃𝑃−] + [𝐵𝐵𝐵𝐵−] + [𝑉𝑉𝐶𝐶−] + [𝑂𝑂𝐻𝐻−] − [𝑁𝑁𝐻𝐻4+] − [𝐻𝐻2𝐴𝐴𝑂𝑂4−] − [𝐻𝐻+] 
          (E 4.4.a) 
ii. Equation E. 4.4.b that describes the system Acidity a P3 
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𝐴𝐴𝑐𝑐𝐴𝐴𝑑𝑑𝑀𝑀𝑎𝑎𝑐𝑐 = (2[𝐻𝐻2𝐶𝐶𝑂𝑂3∗] + [𝐻𝐻𝐶𝐶𝑂𝑂3−] + [𝐻𝐻+] − [𝑂𝑂𝐻𝐻−])     (E 4.4.b) 
Where the inorganic carbon species concentration CT_eql. at CO2 equilibrium was determined with 
equation E4.3.c. The results for the speciation and equilibrium pH established from the MATLAB® 
for COD=1250 (minimum) and 10000 mg/l (maximum) are shown in Figures 4.4.c and d.  
 
48Figure 4.4.c: Equilibrium Speciation and  
pH established at COD =  1250mg/l 
 
49Figure 4.4.d: Equilibrium Speciation and  
pH established at COD =  10000mg/l 
 
The calculated pH established at equilibrium for all the COD feed concentrations are shown in 
Figure 4.4.e below. 
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Where the equilibrium pH established can be determined from the empirical formula shown in 
Figure 4.4.e and equation E4.4.d 
𝑝𝑝𝐻𝐻𝑀𝑀𝑎𝑎𝑐𝑐 = 7.356 × [𝐶𝐶𝑂𝑂𝐷𝐷𝑖𝑖𝑛𝑛]0.03139      E. 4.4.d 
To evaluate the accuracy of the simulation results an experimental trial was conducted for feed 
samples a feed COD = 2500 mg/l under accelerated CO2 evolution conditions with vigorous 
agitation of a feed batch open to the air. These tests were duplicated to evaluate the reproducibility 
and are presented in Figure 4.4.f.  
 
51Figure 4.4.f : Accelerated Equilibrium test for COD = 2500 mg/l (Stirred) 
 
The final pH established in these rapidly mixed feed batches was between 9.3 to 9.5. The simulation 
results for the COD = 2500 mg/l feed batch is pH 9.42. The MATLAB® simulation describes the 
equilibrium state process with good accuracy.  
 
4.4.2. Initial feed batch speciation and pH established after mixing (at time zero) 
As previously mentioned, the target pH range for the feed batches used in the present study was 
5.5 to 6.2. This is significantly lower than the equilibrium pH ranging from 9.5 to 10.1 depending on 
the feed COD concentrations. The concentration of the total inorganic carbon species (CT) at the 
initial pH measure after mixing (assuming, no CO2 evolution) is greater than that of the point P2 
and CO2 equilibrium solution (at P3). So, CO2 was lost during the addition of the stock acidic feed 
mixture then before the first pH could be measured. Decrease in pH is shown graphically in the 
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52Fig 4.4.g: Alkalinity-Acidity-pH diagram representing the initial condition of a feed batch 
The addition of the stock acidic feed mixture to the Na2CO3 solution decreases the pH from P1, 
beyond the CO2 equilibrium point (P3) to the initial point of the feed batch (P2). Assuming no CO2 
evolution, the initial pH (P2) for each of the feed COD concentrations was calculated with the 
MATLAB® coded iteration presented in Appendix C.4. The proton balance expressions for the initial 
point (P2) for each feed batch COD concentration are described by, 
i. Equation E4.4.e that describes the system Alkalinity at P2 
𝐴𝐴𝐿𝐿𝐾𝐾 = 2[𝑆𝑆𝑂𝑂42−] + [𝐻𝐻𝑆𝑆𝑂𝑂4−] + [𝐴𝐴𝑐𝑐−] + [𝐴𝐴𝑃𝑃−] + [𝐵𝐵𝐵𝐵−] + [𝑉𝑉𝐶𝐶−] + [𝑂𝑂𝐻𝐻−] − [𝑁𝑁𝐻𝐻4+] − [𝐻𝐻2𝐴𝐴𝑂𝑂4−] − [𝐻𝐻+] 
           E. 4.4.e 
ii. Equation E4.4f that describes the system Acidity a P2 
𝐴𝐴𝑐𝑐𝐴𝐴𝑑𝑑 = (2[𝐻𝐻2𝐶𝐶𝑂𝑂3∗] + [𝐻𝐻𝐶𝐶𝑂𝑂3−] + [𝐻𝐻+] − [𝑂𝑂𝐻𝐻−])     E. 4.4.f 
Where the inorganic carbon species CT was fixed from the added CO32-, as Na2CO3 in a molar 
concentration shown in Equation E4.4.g (i.e. no CO2 evolution), 
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𝐶𝐶𝑅𝑅 = [𝑁𝑁𝐶𝐶2𝐶𝐶𝑂𝑂3]         E. 4.4.g 
The resultant speciation and pH established from the MATLAB® code for the initial points (P2) at 
feed COD = 1250 (minimum) and 10000 mg/l (maximum) are shown in Figures 4.4.h and i below. 
53Figure 4.4.h: Initial Point of batch at time 
zero for COD = 1250mg/l 
54Figure 4.4.i: Initial Point of batch at time 
zero for COD = 10000mg/l 
 
The initial pH at time = 0, calculated at P2 for all the feed COD concentrations is 6.05. This initial 
pH value was checked with Visual MINTEQ (Gustafsson, 2014) for the different COD feed batch 
compositions. The MINTEQ initial pH results for the feed COD concentrations of 1250, 2500, 5000, 
7500 and 10000 mgCOD/l were 5.85, 5.9, 6.07, 6.1 and 6.1 respectively. The results for the initial 
pH established from  
i. 5 experimental studies  
a. computed by Matlab® and  
b. Visual MINTEQ, and  
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55Figure 4.4.j: Feed Batch at initial pH range (Based on Feed COD Concentrations) 
 The experimental measured initial pH for 5000, 7500 and 10000 mg/l are close to the MATLAB® 
calculated initial pH (pHi = 6.05). At the higher feed COD concentrations bubbling action was 
observed from the rapid CO2 gas release. So, an initial pH cannot be accurately measured for these 
feed batch mixtures. However, the difference between the experimental measurements initial pH 
and those determined computationally is very small. The initial pH determined from the measured 
result is described by equation E4.4.h 
𝑲𝑲𝑯𝑯𝒊𝒊𝒊𝒊 = 𝟒𝟒. 𝟗𝟗𝟐𝟐𝟏𝟏 × 𝑭𝑭𝑶𝑶𝑪𝑪𝒇𝒇𝟎𝟎.𝟎𝟎𝟐𝟐𝟑𝟑𝟎𝟎         E4.4.h 
4.4.3. Feed batch conditioning towards establishing the equilibrium state (at time 
final) 
The CT of the feed batches were oversaturated at P2 (the initial pH) and as such, the feed mixture 
speciation was unstable at P2. Resulting in CO2 loss to the atmosphere. This loss of CO2 continued 
until CO2 equilibrium was reached (at P3 as shown in Figure 4.4.g). This process of CO2 loss is 
shown graphically in the Alkalinity-Acidity-pH diagram in Figure 4.4.k (from P2 to P3),  
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56Figure 4.4.k: Alkalinity-Acidity-pH diagram representing conditioning of a feed batch during use 
 
From observed pH increase with time, the CO2 evolution rate to establish a CO2 equilibrium solution 
was a slow process. To model the pH, the CO2 evolution rate (KLc) need to be determined. This 
CO2 evolution rate was modelled from experimental pH vs time measurements for each of the feed 
COD concentrations. Four experimental runs were conducted for each feed batch CODƒ and 
presented in Appendix C4. The average pH values were determined from triplicate experimental 
runs at each feed batch COD concentration. These results are listed in Table 4.4.a.  
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14Table 4.4.a: Experimental Feed Condition Datasets 
Average (Run 1 to 3) 
hours  1250 2500 5000 7500 10000 
0 5.86 5.86 6.06 6.11 6.15 
0.33           
0.5           
1 6.01 6.03 6.18 6.20 6.21 
2 5.93 5.95 6.17 6.27 6.29 
3   6.07 6.26 6.33   
4   6.08 6.29 6.36   
5   6.09 6.30 6.37   
10 6.05 6.09 6.39 6.42 6.50 
12 6.00 6.06 6.36 6.38 6.43 
21 6.16 6.21 6.55 6.68 6.80 
25   6.42 6.88 6.85   
27 6.40 6.35 6.75 6.86 6.98 
29   6.45 6.89 7.02   
35 6.38 6.47 6.89 7.05 7.14 
50 6.63 6.83 7.20 7.43 7.52 
60 6.80 7.13 7.63 7.74 7.69 
70   7.56 7.99 8.12   
72 7.25 7.35 7.95 8.16 8.19 
88 7.34 7.82 8.26 8.38 8.45 
100 7.45 8.11 8.49 8.59 8.85 
 
The pH increases linearly with time for each COD feed batch as shown graphically in Figure 4.4.l.  
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57Figure 4.4.l: Plots of the feed batch condition data and linear regression trending included 
This linear increase in pH versus time for the different feed COD concentration can be described 
with the straight line in equation E4.4.i, 
𝑝𝑝𝐻𝐻𝜇𝜇𝑥𝑥 = 𝐶𝐶 × 𝑡𝑡𝑥𝑥 + 𝑝𝑝𝐻𝐻𝑖𝑖        E4.4.i 
Where a = the gradient of the trend line, tx = time in hours after mixing of feed batch and pHi the 
initial measured pH after mixing. To avoid the use of multiple linear relationships for a and pHi in 
equation E4.4.i, equations describing a and pHi over the range of different feed COD batches were 
derived.  
The gradients, a, verses feed COD concentration is for each of the expressions were plotted and 
shown in Figure 4.4.m. 
y = 0.0163x + 5.8821
y = 0.0214x + 5.8845
y = 0.0243x + 6.1361
y = 0.0254x + 6.1962




















0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
pH
Time (hrs)
1250 2500 5000 7500
10000 Linear (1250) Linear (2500) Linear (5000)
Chapter Four                                                                 Feed Conditioning and Pre-Processor 
150 | P a g e  
 
 
58Figure 4.4.m: Gradient (a) relationship to Feed COD 
 
The equation of the trend was determined using Microsoft Excel® regression and is given by 
equation E4.4.j 
 
𝐶𝐶 = 0.0049 ln�𝐶𝐶𝑂𝑂𝐷𝐷𝜇𝜇𝑀𝑀𝑀𝑀𝑑𝑑� − 0.0181        E4.4.j 
 
Substituting E4.4.j into E4.4.i equation E4.4.k, 
 
𝑝𝑝𝐻𝐻𝜇𝜇𝑥𝑥 = �0.0049 ln�𝐶𝐶𝑂𝑂𝐷𝐷𝜇𝜇𝑀𝑀𝑀𝑀𝑑𝑑� − 0.0181� × 𝑡𝑡𝑥𝑥 + 𝑝𝑝𝐻𝐻𝑖𝑖      E4.4.k 
 
The results from the 4th experimental run in Table 4.4.b was used to validation in Table 4.4.b. The 
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15Table 4.4.b: Run 4 used for model validation 
hours  1250-4 2500-4 5000-4 7500-4 10000-4 
0 5.8 5.89 6.05 6.1 6.17 
1 5.89 5.91 6.07 6.15 6.2 
5 5.98 6.01 6.21 6.25 6.32 
10 6.05 6.1 6.35 6.38 6.45 
21 6.25 6.3 6.59 6.62 6.77 
29 6.34 6.48 6.81 6.88 6.98 
35 6.48 6.61 6.94 7.05 7.14 
50 6.73 6.94 7.28 7.42 7.49 
60 6.88 7.07 7.46 7.68 7.8 
88 7.41 7.65 8.12 8.42 8.61 
 
16Table 4.4.c: Validation of Equation 4.4.k data from Run 4 
time (tx) hrs 10 5 21 35 50 
CODfeed 1250 2500 5000 7500 10000 
pHi 5.86 5.86 6.06 6.11 6.15 
pHtx (from E4.4.k) 6.03 5.96 6.56 7.00 7.50 
pHtx (from 4th run data) 6.05 6.01 6.59 7.05 7.49 
 
The calculated pH results are very close to the measured values. Therefore, Equation 4.4.k is 
suitable in the pre-processor model to track the changes in feed CT composition with time. It should 
be noted that the pHtx predicted from equation E4.4.k is only valid for the feed COD concentration 
range 1250 to 10000 mg/l and for a feed batch conditioning time up to 200 hours. These limit the 
equations to circumstances relating to the experimental data. The region plots where the pH data 
start to taper off near the equilibrium point (P3) were ignored the feed period maximum of 48-hours 
was well within the 200-hour time period considered in the equations.  
 
The rate of CO2 evolution from a feed batch is dependent upon the volumetric mass transfer 
coefficient for CO2 between the gaseous and aqueous phases, KLc, and the inorganic carbon 
species concentration driving force, (CTeql – CTtx). Where the CTtx is the concentration of the total 
inorganic carbon species in solution at any time during the batch feed period and CTeql the 
concentration of the inorganic carbon species at equilibrium. The CO2 evolution process starts at 
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the initial feed batch inorganic carbon species concentration, CTi, at time zero immediately after 
mixing. With the pH at any time tx known, the inorganic carbon species concentrations (CTeql., CTi 
and CTtx) can be determined as follows: 
i. The inorganic carbon species at equilibrium (CTeql), as was described in Section 4.4.1, shown 
in equation E4.4.l 
𝐶𝐶𝐴𝐴𝑀𝑀𝑎𝑎𝑐𝑐 = �𝐾𝐾𝜇𝜇 × 𝑝𝑝𝐶𝐶𝑂𝑂2 × ��102×𝐾𝐾𝜇𝜇_𝑀𝑀𝑎𝑎𝑐𝑐−𝐾𝐾𝐾𝐾𝜇𝜇1−𝐾𝐾𝐾𝐾𝜇𝜇2� + �10𝐾𝐾𝜇𝜇_𝑀𝑀𝑎𝑎𝑐𝑐−𝐾𝐾𝐾𝐾𝜇𝜇1� + 1��   E4.4.l 
Where KH is the Henry’s law constant for CO2 and pHeql is given by equation E4.4.d. 
ii.  CTi is given by equation E4.4.m 
𝐶𝐶𝐴𝐴𝑖𝑖 = 𝐶𝐶𝑑𝑑𝑑𝑑𝐹𝐹𝑑𝑑 𝑚𝑚𝑙𝑙𝑙𝑙𝐹𝐹𝑠𝑠 𝑙𝑙𝑓𝑓 𝐶𝐶𝑂𝑂32−         E4.4.m 
iii. CTtx at time tx was determined using linear interpolation given that the rate of CO2 evolution 
is linear as shown in Figure 4.4.l. CTtx is given in 2 forms as pH based and time based in 
equation E4.4.n 
𝐶𝐶𝐴𝐴𝜇𝜇𝑥𝑥 = 𝐶𝐶𝐴𝐴𝑖𝑖 + �
(𝐾𝐾𝜇𝜇𝐶𝐶𝑥𝑥−𝐾𝐾𝜇𝜇𝑖𝑖)
�𝐾𝐾𝜇𝜇𝐴𝐴𝑎𝑎𝑒𝑒−𝐾𝐾𝜇𝜇𝑖𝑖�
� �𝐶𝐶𝐴𝐴𝑀𝑀𝑎𝑎𝑐𝑐 − 𝐶𝐶𝐴𝐴𝑖𝑖� or 𝐶𝐶𝐴𝐴𝜇𝜇𝑥𝑥 = 𝐶𝐶𝐴𝐴𝑖𝑖 + �
𝜇𝜇𝑥𝑥
𝜇𝜇𝐴𝐴𝑎𝑎𝑒𝑒
� �𝐶𝐶𝐴𝐴𝑀𝑀𝑎𝑎𝑐𝑐 − 𝐶𝐶𝐴𝐴𝑖𝑖�    E4.4.n 





          E4.4.o 
The CO2 evolution from the initial CTi point at (P2) to the equilibrium CO2 concentration (CTeql) at 
point P3 for the feed batch COD at 1250, 2500, 7500 and 10000 mg/l are shown in Figures 4.4.n, 
o, p and q below.  
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59Figure 4.4.n: CT evolution (CT_tx) for feed 
batch COD = 1250mg/l 
60Figure 4.4.p: CT evolution (CT_tx) for feed 
batch COD = 7500mg/l 
61Figure 4.4.o: CT evolution (CT_tx) for feed 
batch COD = 2500mg/l 
62Figure 4.4.q: CT evolution (CT_tx) for feed 
batch COD = 10000mg/l 
 
 
The rate of CO2 evolution, based on CT_tx (which is the change in CT over time), was qualified 
using linear regression methods. The Matlab® simulation model determined that the time from initial 
mixing (time = 0 (P2)), to equilibrium (P3) were 8.111 days, 7.363 days, 6.685 days, 6.317 days 
and 6.069 for each of the feed batch of 1250, 2500, 5000, 7500 and 10000mgCOD/l respectively. 
This compared reasonably well with the experimental results described in Section 4.4.1.  
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The CO2 loss rate (Kx) was determined graphically from a (CTtx –Cti) vs. (tx – ti) plot, where ti =0 hrs, 
for each of the feed COD concentration shown in Figure 4.4.r. 
 







. Kx (mgCO2/l.hr) was estimated for each of the feed COD 
concentration to be  -4.06 mgCO2/l.hr (1250), -9.78 mgCO2/l.hr (2500), -22.41 mgCO2/l.hr (5000), -
36.8 mgCO2/l.hr (7500) and -53.6 mgCO2/l.hr (10000). 
 
The CO2 mass transfer coefficient (KLc) was determined by interpolation equation E2.5.3x, which 




= −𝐾𝐾𝜇𝜇𝑐𝑐 × (𝑡𝑡𝑥𝑥 − 𝑡𝑡𝑖𝑖)        E4.4.p 
 










� =  ℎ𝑃𝑃𝑠𝑠−1�      E.4.4.q 
 






























Y_10000 Y_7500 Y_5000 Y_2500 Y_1250
Chapter Four                                                                 Feed Conditioning and Pre-Processor 
155 | P a g e  
 
 
64Figure 4.4.s: KLc trend for all feed COD concentration 
 
The KLc value for each of the feed COD concentration are 0.0051 hr-1 (1250), 0.0057 hr-1  (2500), 
0.0062 hr-1 (5000), 0.0066 hr-1 (7500) and 0.0069 hr-1 (10000). From Figure 4.4.s the CO2 mass 
transfer coefficient (KLc) is given by the trend line equation E4.4.r 
 
𝐾𝐾𝜇𝜇𝑐𝑐𝜇𝜇 = 0.0019 × �𝐶𝐶𝑂𝑂𝐷𝐷𝜇𝜇0.1395�  {hr-1}     (E4.4.r.i) 
𝐾𝐾𝜇𝜇𝑐𝑐𝜇𝜇 = 0.0456 × �𝐶𝐶𝑂𝑂𝐷𝐷𝜇𝜇0.1395�  {d-1}     (E4.4.r.ii) 
 
It should be noted that the contact area to volume of liquid in the case of this study was 
0.00392cm2/cm3 or 0.392m2/m3 for a mixture that was not agitated to increase the mass transfer 
rate. This relates to a CO2 mass transfer coefficient of 5.61 x 10-7 m/s (1250), 6.27 x 10-7 m/s (2500), 
6.82 x 10-7 m/s (5000), 7.26 x 10-7 m/s (7500), and 7.59x 10-7 m/s (10000). This is significantly 
smaller than the CO2 mass transfer rates for other studies like 3.0 to 4.3 x 10-6 for membrane 
systems (Rangwala, 1995), XXXX, because of the limited contact area and no forced mixing in the 
aqueous solution.  
 
Where CODƒ is the feed COD concentration and KLcm is the KLc based on mass transfer obtained 
from Figure 4.4.s. The mass transfer equation E2.5.3.x can be expressed for CO2 mass transfer as 
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𝑑𝑑𝐶𝐶𝐶𝐶𝑂𝑂2
𝑑𝑑𝑡𝑡 = −𝐾𝐾𝜇𝜇𝑐𝑐 × �𝐶𝐶𝐴𝐴𝑖𝑖 − 𝐶𝐶𝐴𝐴𝑀𝑀𝑎𝑎𝑐𝑐�        (E4.4.s) 
 
Where KLc is the CO2 mass transfer coefficient (hr-1) for each of the feed COD concentrations. 
Hence, KLc in equation E4.4.s can be substituted with the KLcm expression given in equation E4.4.r.  
 
The CO2 mass transfer rates (CTR) for the different feed COD concentration are 4.148 mg.l-1.hr-1 
(1250), 9.949 mg.l-1.hr-1  (2500), 22.41 mg.l-1.hr-1 (5000), 36.84 mg.l-1.hr-1 (7500) and 52.36 mg.l-
1.hr-1 (10000).  
  
To validate the accuracy of KLc determined as above, Equations 4.4.t to 4.4.v were derived that 
describe KLc in terms of pHtx. The results of this equations were then compared with the 




= −𝐾𝐾𝜇𝜇𝑐𝑐 × �𝐶𝐶𝐴𝐴𝑖𝑖 − 𝐶𝐶𝐴𝐴𝑀𝑀𝑎𝑎𝑐𝑐�         E4.4.t 
 
Which can be written in terms of CTtx as Equation E4.4.u 
 
𝐶𝐶𝐴𝐴𝜇𝜇𝑥𝑥 = 𝐶𝐶𝐴𝐴𝑖𝑖−𝐾𝐾𝐿𝐿𝑐𝑐 × �𝐶𝐶𝐴𝐴𝐴𝐴 − 𝐶𝐶𝐴𝐴𝐹𝐹𝑒𝑒𝑙𝑙� ×  (𝑡𝑡𝑥𝑥 − 𝑡𝑡𝑖𝑖)        E4.4.u 
 
Substituting Equation E4.4.m into E4.4.t yields KLc in terms of pHtx as given by Equation E4.4.v. 
 
𝑝𝑝𝐻𝐻𝜇𝜇𝑥𝑥 = 𝑝𝑝𝐻𝐻𝑖𝑖 + 𝐾𝐾𝜇𝜇𝑐𝑐 × (𝑡𝑡𝑒𝑒) × �𝑝𝑝𝐻𝐻𝑀𝑀𝑎𝑎𝑐𝑐 − 𝑝𝑝𝐻𝐻𝑖𝑖�       E4.4.v 
 
The results from Equation E.4.4.v are listed in Table 4.4.d and compared with experimental results 
from Run 4, validated for each feed COD concentration. 
 
17Table 4.4.d : Verification of KLc using data from Run 4 
time (tx) hrs 60 21 10 29 50 
CODfeed 1250 2500 5000 7500 10000 
KLc (day-1) 0.0051 0.00566 0.00620 0.00654 0.00682 
KLcm 0.00514 0.00566 0.00623 0.00660 0.00687 
pHi 5.70 5.80 6.10 6.10 6.20 
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pHeql 9.5 9.68 9.86 9.98 10.1 
pHtx 6.84 6.26 6.34 6.82 7.51 
pHtx (Run 4) 6.88 6.3 6.35 6.88 7.49 
pHtx-m 6.87 6.26 6.33 6.84 7.54 
 
The predicted pHtx from equation E4.4.v is very close to the pH values observed (0.01 to 0.06 
difference). Equation E4.4.v, therefore, is suitable to model the influent feed CT changes with time 
with good accuracy. With the pHtx known, other aqueous characteristics of a feed batch can be 
determined such as the CTtx and Alkalinity for detailed speciation. This is discussed below. 
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4.5. Pre-processor Gujer Matrix for influent feed characterisation 
The forward and reverse reactions and the mass transfer rates are summarised in a Gujer Matrix (Table 4.5.A). This matrix is used in 
the simulation platform, DHI WEST®, as the influent feed batch pre-processor to model the integrated bioprocess units for the co-
treatment of FTRW and CMD. The 1st part of 
18Table 4.5.A: Feed Pre-processor model of weak acid-base Stoichiometries 
 
The parts marked F1, F2 and F3 relate to the equilibrium dissociation expressions and constants and the Ionic strength and H+ activity 
calculations. The equation used in the present study is listed in Chapter 2, Section 2.5.1 and in MATLAB® code form in Appendices 
4A, B, C, D and F.  
S HVa S HBu S HPr S HAc S H2SO4 S NH3 S HPO4 S K+ S Mg2+ S Ca2+ S Na+ S CO32- S Va S Bu S Pr S Ac S SO4 S NH4+ S H2PO4 S HCO3 S H2CO3 S OH- G CO2 H+
1 HVa dissociation -1 1 1
2 HBu dissociation -1 1 1
3 HPr dissociation -1 1 1
4 HAc dissociation -1 1 1
5 Sulphuric Acid dissociation -1 1 2
6 Ammonia to Ammonium association -1 1 -1
7 Ammonium to Ammonia Dissociation 1 -1 1
8 HPO42- to  H2PO4- -1 1 -1
9 H2PO4-  to  HPO42- 1 -1 1
10 CO32-  to  HCO3- -1 1 -1
11 HCO3- to H2CO3* -1 1 -1
12 H2CO3* to HCO3- 1 -1 1
13 CO2 uptake 1 -1
F1 Equilibruim Dissociation Contants (K'Y)           F2 F3Chapter 2, Section Ionic Strength (Ii)Chapter 2, Section 
Activity Coefficients (ƒx)                                                              
where ƒx is  ƒm = mono-valent , ƒd = di-valent and ƒt = tri-
valent components
    g p g  j   
Components  ( i n )
Process (j n) Stoichiometry
Chapter 2, Section 
Chapter Four                                                             Feed Conditioning and Pre-processor 
159 | P a g e  
 
It should be noted that the feed batch speciation pre-processor model given in Table 4.5.A is valid 
only for the conditions observed in the experimental study of this work.  
 
Some of the stoichiometry listed in Table 4.5.A considers only the weak acid-base species present 
in the CSTR and GL BSR systems operated between 6.8 to 8.8. This pH range was that observed 
during in experimental systems of the present study. The speciation model developed for the 
present study considers only the dissociation reactions for weak acid-base components like HVa, 
HBu, HPr, HAc, H2SO4 and PO43- and so for example only the H2PO4-/HPO42- equilibrium was 
included.  
 
The 2nd part of Table 4.5A presents the Kinetic Rate equations for the process reactions 1 to 13. 
These rate equations again only apply to the pH range for experimental operational conditions, i.e. 
pH 6.8 to 8.8, observed from the experimental side of the present study.  
 
19Table 4.5.A: Kinetic rates for weak acid-base speciation 
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In Table 4.5.A, the rate equations for the feed batch conditioning, the forward dissociation rate 
constants (kƒx) values, e.g. kƒH2CO3 and kƒNH3, are set equal to 1. The actual values for these forward 
dissociations are much faster compared with to the much slower biological rates, and another 
reaction and process rates is already high enough to reach equilibrium at each time step of the 
simulation. The value KLc, the CO2 mass transfer coefficient was determined in Section 4.4.3. The 
MMX, where X is a specific compound, refers to the molar mass of component X.  
 
The current chapter considers weak acid-base chemistry and interphase mass transfer rates for the 
actual effluents streams, i.e. the FTRW and CMD, characteristics and the make-up (preparation) 
procedure for the artificial feed mixtures . Because the mixed FTRW and CMD feed is oversaturated 
with CO2, the rate of CO2 evolution needed to be measured. This because the CO2 loss significantly 
influence the material content of the feed and hence also the bioreactor speciation and pH. The 
chapter concluded with the development of a Gujer Matrix that describes the dynamics of the feed 
batches. This model is used as the feed pre-processor for the simulation of the GL-BSR integrated 
and CSTR-BSR systems
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CHAPTER FIVE: 
MODELLING THE GL-BSR INTEGRATED AND CSTR-BSR 
SYSTEMS. PART 1: THE REACTION STOICHIOMETRY AND 
PROTOTYPE MODEL VERIFICATION  
 
5.1. Introduction 
Chapter five aims to derive the reaction stoichiometries that will constitute the components and 
processes of a Gujer Matrix describing the reactions observed in the experimental study of the 
present research. The reactions include biological reactions, weak acid-base equilibrium 
reactions, gas-liquid mass transfer processes and precipitation-dissolution reactions observed in 
the experimental systems. The biological reactions observed in this study are those mediating, i) 
Biological Sulfate Reduction (BSR) reactions observed in both systems, i.e. Sulfate-reducing 
Bacteria (SRB), ii) sulfide oxidising in the CSTR-BSR system in the presence of limited dissolved 
oxygen, i.e. Sulfide Oxidation Bacteria (SOB), iii) elemental sulfur oxidation in the CSTR-BSR 
system in the presence of limited dissolved oxygen, i.e. Sulfur Oxidation Bacteria (bS0) and, iii) 
ferrous oxidising Leptospirillum ferriphilum sp. active in the downstream Fe2+ bio-oxidation unit 
of the GL-BSR integrated system. Also, the 2-phase (liquid-gas) physico-chemical mass transfer 
processes like, i) the oxygen transfer into the liquid phase of the CSTR-BSR system and, ii) the 
H2S and CO2 mass transfer that occurs in the GL-BSR system and its downstream H2S gas 
reactive absorption (ABS) unit. The 2-phase liquid-solid phase precipitation-dissolution reactions 
refer to the formation of FeCO3 in the ABS unit. The spreadsheet developed by Hauduc et al. 
(2010) (described in Section 2.8.1.) will be used in this chapter to ensure individual process 
verification for all the reactions through-out the development of the Gujer matrix. 
 
The weak acid-base equilibrium reactions active in both the CSTR-BSR and GL BSR systems 
are excluded from the Gujer matrix describing the biological processes of these systems. This is 
because the weak acid-base equilibrium reactions are already compiled in a separate algebraic 
speciation routine. This speciation routines coupled to the DHI WEST® software runs in parallel 
with the Biological processes Gujer matrix that contains the ordinary differential equations (ODE) 
of the slower processes during the simulation process. The algebraic speciation routine 
developed by Brouckaert et al. (2017) already contains most of the weak acid-base equilibrium 
reactions of this research, but some additional equilibrium reactions not yet included in the 
speciation routine will be added. This will be described in detail in Section 5.5. of this chapter. 
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5.2.  Identify all the reaction stoichiometries observed for each of the 
experimental systems 
The activity of sulfate-reducing bacteria (SRB) was observed in both bench-scale experimental 
systems operated in the present study as described in Chapter 3. This was to be expected as, 
firstly, both systems were inoculated with sludge from a BSR system treating primary sludge and, 
secondly, these systems were fed short-chain fatty acids, i.e. Acetic acid (Ac), Propionic Acid 
(pro), Butyric acid (Bu), Valeric Acid (Va), and sulfate (SO42-) as described in Chapters 3 and 4.  
SOB activity was also observed in the CSTR-BSR system due to limited oxygen leakage from 
the unit. The presence of limited dissolved oxygen (DO) and sulfide produced in the BSR 
reaction, resulted in the formation of elemental sulfur (S0). This was confirmed by the 
measurement of S0 in the system at pH less than 7.5, as described in Chapter 3 (the analytical 
results presented in Appendix A2. Furthermore, as described in Section 2.4.2, polysulfide was 
formed in a dynamic equilibrium reaction with HS- and S0, as both these components are present 
in the BSR aqueous environment. Due to the complexity of directly measuring polysulfide, an 
indirect approach was needed to measure polysulfide. The changes in S0 concentration were 
measured in a pH titration method, where 1N HCl was used as the titrate. A computational 
procedure was then used to determine the polysulfide concentration from the difference in S0 
concentration at the beginning and end of the titration, and the reaction stoichiometry described 
in Kleinjan et al. (2005). This procedure is described in Section 5.5.2 below.  
 
From evaluations of the measured SO42- concentration results and comparison of theoretical and 
actual COD:SO42- ratios, it was observed that SO42- regeneration also occurred in the CSTR-BSR 
system. This observation was made from experimental runs with high feed SO42- concentrations 
and the runs extended for long hydraulic retention times (HRTs), e.g. prominent for runs with 
HRTs greater than 10 days. Thus, some sulfur and sulfide oxidation occurred and was observed 
in the CSTR-BSR system. No sulfur and sulfide oxidation were observed in the GL-BSR 
integrated system given that the rate of H2S gas stripping was faster than biological oxidation 
processes. The SRB activity was observed in the GL-BSR system, and this correlated with the 
results presented in Appendix 1A. The H2S gas was stripped from the GL-lift BSR unit and 
transported downstream to the ferrous ABS unit where it was absorbed and reacted to produce 
elemental sulfur (as is described in Section 2.6). Inorganic cyclic octatonic elemental sulfur 
crystals (S0) were produced during the irreversible reduction-oxidation (Redox) chemical reaction 
from reactants H2S and Fe3+. During this redox reaction Fe3+ is reduced to Fe2+. Downstream of 
the ABS unit, Fe2+ biological oxidation unit regenerate Fe3+ from Fe2+ in a biologically mediated 
oxidation process. Leptospirillum ferriphilum (sp.) was the active biomass used in the present 
study (described in Section 2.7.1).  
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65Figure 5.2.a: Map of the topics covered in the current chapter. 
 
5.2.1. The BSR-CSTR system reaction stoichiometries  
SRB, SOB and bS0 are the active biomass within the CSTR-BSR systems aqueous environment. 
This active biomass drives the sulfur-based components within the sulfur cycle, i.e. sulfate 
produces sulfide mediated by SRB, Sulfide, in-turn produces elemental sulfur in a reaction 
mediated by SOB and bSO mediated reactions that final result in the regeneration of sulfate.   
These biological mediated reactions and the associated aqueous weak acid-base chemistry 
equilibrium reactions are discussed in here.  
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5.2.1.1. Sulfate-reducing Bacteria activity 
The most significant BSR reaction stoichiometries considered in the CSTR-BSR system fed the 
artificially prepared coal-mine drainage (CMD), and an approximation of Fischer-Tropsch 
Reaction Water (FTRW) are described in Equations E5.2.1a to d: 
 
𝟐𝟐 𝑽𝑽𝑽𝑽−  + 𝑺𝑺𝑶𝑶𝟒𝟒𝟐𝟐−
𝝆𝝆𝑽𝑽𝑽𝑽
�⎯� 𝟐𝟐 𝑰𝑰𝑨𝑨− + 𝟐𝟐 𝑷𝑷𝒐𝒐− + 𝑯𝑯𝑺𝑺− + 𝑯𝑯+     (E5.2.1a) 
𝟐𝟐 𝑩𝑩𝑩𝑩−  + 𝑺𝑺𝑶𝑶𝟒𝟒𝟐𝟐−
𝝆𝝆𝑩𝑩𝑩𝑩
�⎯� 𝟒𝟒𝑰𝑰𝑨𝑨− + 𝑯𝑯𝑺𝑺− + 𝑯𝑯+      (E5.2.1b) 
𝟒𝟒 𝑷𝑷𝒐𝒐−  + 𝟑𝟑𝑺𝑺𝑶𝑶𝟒𝟒𝟐𝟐−  
𝝆𝝆𝑷𝑷𝒐𝒐
�⎯�  𝟒𝟒𝑰𝑰𝑨𝑨− + 𝟒𝟒 𝑯𝑯𝑭𝑭𝑶𝑶𝟑𝟑− + 𝟑𝟑 𝑯𝑯𝑺𝑺− + 𝑯𝑯+     (E5.2.1c) 
𝑰𝑰𝑨𝑨−  + 𝑺𝑺𝑶𝑶𝟒𝟒𝟐𝟐−
𝝆𝝆𝑰𝑰𝑨𝑨
�⎯� 𝟐𝟐 𝑯𝑯𝑭𝑭𝑶𝑶𝟑𝟑− +   𝑯𝑯𝑺𝑺−       (E5.2.1d) 
 
Where Acetate (Ac-), Propionate (Pr-), Butyrate (Bu-) and Valerate (Va-) are the prominent organic 
compounds in FTRW, and SO42- is the most significant compound of coal-mine drainage. The 
feed composition and reaction stoichiometries are described in detail in Sections 2.2.1., 2.3.4., 
3.2.2.1. and 4.2.  
 
Furthermore, the hydrogenotrophic SRB (XbH2) use of the hydrogen (H2) produced in the biomass 
death regeneration process, which is described in detail in Section 5.2.7, is given by equation 
E5.2.1.e: 
 
 𝟒𝟒 𝑯𝑯𝟐𝟐   + 𝑺𝑺𝑶𝑶𝟒𝟒𝟐𝟐− + 𝑯𝑯+  
𝝆𝝆𝑯𝑯𝟐𝟐
�⎯�  𝑯𝑯𝑺𝑺− +  𝟒𝟒 𝑯𝑯𝟐𝟐𝑶𝑶      (E5.2.1.e) 
 
Analytical measurements performed on the feed and effluent samples of the experimental CSTR-
BSR system were used to quantify COD and VFAs, e.g. Va, Bu, Pr, Ac, SO42-, sulfide 
concentrations and other components. The results are tabulated in Appendix A2 and were used 
in the identification and quantification of the aforementioned reaction stoichiometries described 
for the SRB-mediated reactions.  
 
5.2.1.2. Sulfide Oxidising Bacteria activity 
The SOB activity mediates the oxidation of sulfide to elemental sulfur (S0). This reaction occurs 
under limited oxygen conditions, due to oxygen leakage from the CSTR-BSRaqueous phase 
environment as described in Sections 2.4.1 and 2.8.2.3. The literature review in Section 2.4 
describes the activity of SOB in the production of elemental sulfur (S80) under limiting oxygen 
conditions. The reaction stoichiometry describing the SOB-mediated oxidation of sulfide to S80 is 
shown in equation E5.2.1.e: 
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𝑺𝑺𝟖𝟖𝟎𝟎 + 𝑶𝑶𝑯𝑯−      (E5.2.1.e) 
Measurements conducted on the experimental CSTR-BSR systems, operated in the present 
study, indicating the production of S80 via SOB activity in accordance with the literature. Figure 
5.2.1.a presents the results of S80 concentrations measured at the different HRTs of 2.5, 5, 7.5, 
10, 15 and 30 days, and the different feed SO42- concentrations indicated by the feed COD 
concentrations of 1.25, 2.5, 5, 7.5 and 10 g/l, when the COD:SO42- concentration ratios where 
maintained between 0.7–0.73 mass ratio (see Section 3.2.2). Clearly, S0 was produced in the 
CSTR-BSR system; the higher the feed SO42- concentration and the longer the HRT, the more 
S0 was produced. This phenomenon was studied by Maree et al. (2004) in their work on BSR.  
 
66Figure5.2.1.a: Elemental sulfur  (S0) vs. HRT for SOB activity 
The S0 produced in reaction E5.2.1.e exists in a weak acid-base chemical equilibrium reaction 
with polysulfide (Sn2-) in the reactor environment. This equilibrium is subject to the pH of the 
aqueous phase environment of the reactor. This is described in more detail in Section 5.5.2 
below.  
5.2.1.3. Sulfur Oxidising Bacteria activity 
Literature, reviewed in Section 2.4.3., shows that elemental sulfur can further be oxidised back 
to sulfate, via thiosulfite, by chemolithoautotrophic bacteria. Figure 5.2.1.b confirms the formation 
of sulfate in the experimental CSTR-BSR system although the mode of production of SO42- 
cannot be defined clearly. Literature shows that sulfate can be formed from S0 oxidation, 
mediated by chemolithoautotrophic sulfur oxidation bacteria (Sox or X_bS0). The catabolic 
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2.4.3. For the purpose of the present study, these reactions have been summarised into a single 
reaction stoichiometry, presented in equation E5.2.1.g below: 
 
𝐒𝐒𝟎𝟎   + 𝟑𝟑
𝟐𝟐
𝑶𝑶𝟐𝟐 + 𝐇𝐇𝟐𝟐𝐎𝐎 
𝝁𝝁𝑺𝑺𝟎𝟎
�⎯� 𝐒𝐒𝐎𝐎𝟒𝟒𝟐𝟐− + 𝟐𝟐𝑯𝑯+       (E5.2.1.g) 
 
Where under excess dissolved oxygen conditions, S0 can be further oxidised back to sulfate. 
Section 3.2.4 describes the analytical procedure where sulfate (SO42-) and elemental sulfur (S0) 
concentrations are quantified.  
 
The quantity of SO42- regenerated was determined by comparing the COD:SO42- ratios of the 
influent and effluent streams. Literature reported in Sections 2.4 and 2.5, show that the SRB 
mediated reaction involving VFAs and Sulfate always uphold a COD to SO42- mass ratio of 
0.6667. This detail is shown in the balanced BSR reaction stoichiometries of Acetate, Propionate 
and Butyrate described by Equations E5.2.1.h to j below:  
 
𝐂𝐂𝐇𝐇𝟑𝟑𝐂𝐂𝐎𝐎𝐎𝐎−   + 𝐒𝐒𝐎𝐎𝟒𝟒𝟐𝟐−
𝛍𝛍𝛍𝛍𝛍𝛍
�⎯� 𝟐𝟐 𝐇𝐇𝐂𝐂𝐎𝐎𝟑𝟑− +  𝐇𝐇𝐒𝐒−      (E5.2.1.h) 










𝑯𝑯+    (E5.2.1.i) 










𝑯𝑯+    (E5.2.1.j) 
 
The COD molar masses for Acetate, Propionate and Butyrate are 64, 112 and 160gCOD/mol, 
respectively, and 96g/mol for sulfate. The mass ratio of these reactions holds true to the 
COD:SO42- mass ratio of 0.6667. In the present study, the feed COD:SO42- mass ratio was kept 
at the stoichiometric requirement of 0.667, and the methanogenic activity was monitored to 
ensure that no methane was produced in these reactions; given that methanogen activities were 
inhibited during start-up using 2-bromo-1-ethanesulfonic acid (BESA) as described in Section 
3.4.2.1. The theoretically COD:SO42- mass ratio for a SRB mediated reaction should hold for the 
reactants COD and SO42- concentrations in the reactor influent and effluent of a BSR system. As 
such, the expected effluent SO42- concentrations (S_SO4_e) can be determined by calculating the 
inverse of the influent COD:SO42- mass ratio (ƒ-1 [COD:SO42- ]), and this result can in-turn be 
multiplied by the effluent COD concentrations S_Se. If the resultant value is less than the 
measured effluent SO42- (S_SO4_e) value, then it can be concluded that some sulfate 
regeneration occurred. The difference between the measured and expected SO42- concentrations 
is the quantity of regenerated sulfate as mgSO42-/l. This is described in equation E 5.2.1.k below:  
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� −  𝑺𝑺𝑺𝑺𝑶𝑶𝟒𝟒_𝑭𝑭_𝒎𝒎𝑭𝑭𝑽𝑽𝑲𝑲𝑩𝑩𝒐𝒐𝑭𝑭𝒎𝒎     (E5.2.1.k) 
 
Figure 5.2.1.b. below presents the results of the estimated regeneration of SO42- in the CSTR-
BSR systems, from the application of equation E5.2.1.k.  
  
67Figure 5.2.1.b: the regeneration of Sulfate (SO42-) by elemental sulfur oxidation 
 
Figure 5.2.1.b shows that in the CSTR-BSR systems operated at high sulfate (SO42-) 
concentrations and hydraulic retention times (HRTs) longer than 7.5 days, sulfate regeneration 
becomes is prominent. Thus, more H2S and S0 concentrations produced from the SRB and SOB 
activities are further oxidised, by elemental sulfur oxidising bacteria, to regenerate higher 
concentrations of SO42- under conditions of higher feed sulfate and organic substrate 
concentrations and longer BSR reactor HRTs.  
 
5.2.2. Reaction stoichiometries in the GL-BSR integrated system 
Only SRB activity was observed in the GL BSR integrated system. No sulfide oxidation bacteria 
(X_SOB) or sulfur use bacteria (X_bS0) were observed in the GL-BSR system. This was due to 
the gas mass transfer of H2S gas being stripped from the BSR system at a significantly faster 
rate than the SOB activity.  
 
The stripped H2S gas was transported downstream to the H2S gas reactive absorption unit (ABS) 
where it was absorbed and transformed to elemental sulfur. The S0 is produced in an electron 
transfer reaction where Fe3+ gains e- from S2- to produce Fe2+. The consumed Fe2+ was 
transported to an aerobic biological oxidation reaction unit where Fe3+ was regenerated by iron-
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5.2.2.1. Sulfate-reducing bacteria (SRB) activity in the GL-BSR integrated system 
The BSR reactions taking place within the GL-BSR unit are the same as described in Section 
5.2.1.1. for the CSTR-BSR system. Thus, the reaction stoichiometries presented in equations 
E5.2.1. a to d is the same for this unit. However, due to the rapid mass transfer of H2S from this 
BSR unit’s aqueous phase environment to the gaseous phase and transport out of the BSR unit, 
the sulfide oxidation reactions observed within the CSTR-BSR unit were not observed in the 
experimental GL BSR unit.  
 
5.2.2.2. H2S and CO2 gas mass transfer and transport from the GL-BSR unit to the H2S 
Reactive Absorption unit. 
Both H2S and CO2 are stripped from the aqueous to the gas phase in the GL-BSR unit operated 
with N2 gas as the stripping carrier gas. The N2 gas is relatively insoluble compared to H2S and 
CO2 (described in Section 2.5.3.9). The sulfide and inorganic carbon species present in the 
aqueous phase between the pH range of 6.5 to 7.5 are the HS- and HCO3- species. Thus, the 
stoichiometry of gas stripping from the GL BSR unit with N2 as the stripping gas can be described 
as shown in Equations E5.2.2.a. and E5.2.2.b: 
 
𝑯𝑯𝑺𝑺(𝑽𝑽𝒂𝒂)− +  𝑯𝑯(𝑽𝑽𝒂𝒂)+ → 𝑯𝑯𝟐𝟐𝑺𝑺(𝒓𝒓)        (E5.2.2.a) 
𝑯𝑯𝑭𝑭𝑶𝑶𝟑𝟑 (𝑽𝑽𝒂𝒂)− + 𝑯𝑯(𝑽𝑽𝒂𝒂)+ → 𝑯𝑯𝟐𝟐𝑭𝑭𝑶𝑶𝟑𝟑 (𝑽𝑽𝒂𝒂)∗ → 𝑭𝑭𝑶𝑶𝟐𝟐 (𝒓𝒓) + 𝑯𝑯𝟐𝟐𝑶𝑶(𝑽𝑽𝒂𝒂)    (E5.2.2.b) 
 
Where the subscript (aq.) refers to the aqueous phase and subscript (g) to the gaseous phase. 
CO2 gas was also used as a carrier gas in the GL-BSR system. Where CO2 gas was used as the 
stripping gas, H2S was still stripped from the aqueous phase to the gaseous phase and 
transported to the H2S reactive absorption (ABS) unit. However, being different from the case 
where N2 was used as the stripping gas, the use of CO2 as stripping gas resulted in the dissolving 
of CO2 from the gas phase to the aqueous phase. The above processes continued until the CO2 
concentration in the aqueous phase reached the saturation concentration (SSat_CO2). Thereafter, 
no further CO2 was consumed during the stripping operation within the GL-BSR system. The 
stoichiometry of gas stripping from the GL-BSR reactor, where CO2 is the stripping gas, can be 
described as shown in Equations 5.2.2.c and 5.2.2.d based on the presence of HS- and HCO3- in 
the aqueous phase and pH range of 6.5–7.5: 
 
𝑯𝑯𝑺𝑺(𝑽𝑽𝒂𝒂)− +  𝑯𝑯(𝑽𝑽𝒂𝒂)+ → 𝑯𝑯𝟐𝟐𝑺𝑺(𝒓𝒓)        (E5.2.2.c) 
𝑭𝑭𝑶𝑶𝟐𝟐 (𝒓𝒓) +  𝑯𝑯𝟐𝟐𝑶𝑶(𝑽𝑽𝒂𝒂) → 𝑯𝑯𝟐𝟐𝑭𝑭𝑶𝑶𝟑𝟑 (𝑽𝑽𝒂𝒂)∗ → 𝑯𝑯𝑭𝑭𝑶𝑶𝟑𝟑 (𝑽𝑽𝒂𝒂)− +  𝑯𝑯(𝑽𝑽𝒂𝒂)
+     (E5.2.2.d) 
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5.2.2.3. Elemental sulfur recovery reaction stoichiometry in the H2S Reactive 
Absorption Unit 
The H2S gas stripped from the GL-BSR unit is transported to the H2S Reactive Absorption unit 
(ABS). For the present study, during start-up, the ABS unit contains an aqueous ferric sulfate 
solution at 10g/l as described in Section 3.2.2.2. Gas-liquid transfer of predominantly H2S and 
some CO2 gas occurred in the absorption unit (ABS) operated in the pH range of 1 to 2. The 
reaction describing the production of elemental sulfur (S0) from the dissolved H2S within the ABS 
unit, is described in Section 2.6 and shown below in equation E5.2.2.e: 
 
𝟐𝟐𝑭𝑭𝑭𝑭(𝑽𝑽𝒂𝒂)𝟑𝟑+ +  𝑯𝑯𝟐𝟐𝑺𝑺(𝑽𝑽𝒂𝒂)    →  𝟐𝟐𝑭𝑭𝑭𝑭(𝑽𝑽𝒂𝒂)𝟐𝟐+ +    𝑺𝑺(𝑲𝑲)𝟎𝟎 + 𝟐𝟐𝑯𝑯+     (E5.2.2.e) 
 
The oxidation of H2S(aq) to S0 is a rapid chemical redox reaction. CO2 gas is also present with 
H2S gas, either as the stripping gas or stripped from the BSR aqueous environment. As such, 
limited quantities of CO2 are also transported from the gaseous to the aqueous phase of the ABS 
unit due to the low pH, below 2, of the Fe3+/Fe2+ aqueous solution. Ferrous (Fe2+) is one of the 
products formed with S0 in the ABS unit (equation E 5.2.2e). The presence of dissolved CO2 in 
the ABS unit resulted in the unexpected formation of ferrous carbonate (FeCO3) precipitant 
(described in Section 2.6). This is shown below in E5.2.2.f: 
 
𝑭𝑭𝑭𝑭𝟐𝟐+ + 𝑯𝑯𝟐𝟐𝑭𝑭𝑶𝑶𝟑𝟑∗  ⇌ 𝑭𝑭𝑭𝑭𝑭𝑭𝑶𝑶𝟑𝟑 ↓ +  𝟐𝟐𝑯𝑯+       (E5.2.2.f) 
 
Where H2CO3* is the form of CO2 used in aquatic chemistry. However, the reaction rate kinetics 
for FeCO3 precipitation are much slower than S0 formation process in the ABS unit. The S0 and 
FeCO3 precipitants were removed from the ABS unit by filtration. The filtration unit was installed 
in-line at the outlet of the ABS unit. The Ferric solution before reactive absorption appears red-
brown (marked B in Figure 5.2.2.a) and after the H2S ABS process, the solution appears milky 
and light brown due to the formation of S0 and FeCO3 particulates in suspension, marked A in 
the same figure. The milky solution exits the ABS unit and is then filtered to produce the solid 
residues shown on the filter paper, marked C in Figure 5.2.2.a. The filtrate from the filtering 
process mostly contains ferrous (Fe2+) in a Fe2+/Fe3+ mixture, which was fed to the downstream 
Fe2+ biological oxidation unit.  
 
Chapter Five                                                  Reaction Stoichiometry and Model Verification 
170 | P a g e  
 
 
68Figure 5.2.2.a: Images of the ABS ferric solution at time zero (B), the consumed Iron solution 
removed from the ABS unit (A), and the residues of Filtration (C). 
 
5.2.2.4. Fe3+ regeneration in the Fe2+ biological oxidation unit 
To conform to the environmental sustainability and economic viability objectives of the present 
study, Ferrous iron produced in the reactive absorption unit (ABS) is not disposed of but 
regenerated using the ferrous biological oxidation process. This process transforms ferrous iron 
(Fe2+) to ferric iron (Fe3+) in a biologically mediated reaction process where the catabolic process 
is described by equation E5.2.2.g below: 
 
𝑭𝑭𝑭𝑭𝟐𝟐+  ⇌  𝑭𝑭𝑭𝑭𝟑𝟑+ + 𝑭𝑭−         (E5.2.2.g) 
 
This is an occurrence commonly reported in various studies of Ferrous Bio-oxidation reactors 
(see Section 2.7.3).  
 
The metabolic processes of biological reactions consist of two pathways occurring 
simultaneously, 1) the catabolic pathway, and 2) the anabolic pathway. Substrate use via the 
catabolic and anabolic pathways using the Yield coefficient (Ys) is shown in Figure 5.2.2.a below: 
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69Figure 5.2.2a: Catabolic or anabolic pathway split of substrate allocation using the yield 
coefficient. 
 
Catabolism refers to the use of substrate electrons to generate energy for the anabolic biomass 
synthesis process. The reaction stoichiometries presented in Section 5.2. above are the 
biological mediated catabolic reactions for SRB, SOB, bS0 and bFe2 bacteria. The anabolic 
pathway, which relates to the use of substrate electrons to produce cell mass, are excluded from 
these reaction stoichiometries. In the current section, the anabolic pathway or growth process is 
described, which together with the catabolic process constitute the metabolic process for all 
biologically mediated reactions.  
 
Postgate (1979) indicated that the elemental composition of the SRB was the same as other 
biomass. Other studies reported the estimated generic elemental composition of biomass to be 
C5H7O2N1 (Hoover and Porges, 1952), or in terms of 1 mol of C as C1H1.4O0.4N0.2, used in 
wastewater modelling (McCarty, 1974; Ekama et al., 2018). Harding et al. (2009) extended this 
generic elemental composition of biomass to include phosphorus as CH1.4O0.4N0.2P0.04. As such, 
the elemental composition of the SRB biomass considered in the present study is similar to other 
biomass, i.e. CH1.4O0.4N0.2P0.04. This generic elemental composition of biomass was used for all 
sulfur-compound-containing microorganisms considered in the present study, i.e. SRB, SOB and 
bS0 bacteria, regardless of the carbon source used for growth.  
 
To ensure mass continuity in modelling biological reactions the electron donor catabolic and 
anabolic pathways are considered and combined in a single metabolic growth process. First, the 
catabolic and anabolic pathways of the reaction stoichiometry for the individual electron donor 
are described in their molar forms and reduced to 1 e- donated, or Y, and (1-Y) e- used in 
anabolism, respectively. This is as presented in Ekama et al. (2018) where Y is the yield 
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coefficient. Next, these reaction stoichiometries are checked for mass and charge balances to 
ensure mass continuity. The e- donor, anabolic and catabolic reactions are then added, in which 
the e- donated and e- used cancel out to obtain the metabolic growth reaction. The molar forms 
of the reaction are then converted to the mass form for each of the metabolic reaction reactants 
and products components. In the present research, the yield coefficients are commonly reported 
in their mass forms, e.g. gBiomass/gSubstrate as presented in Section 2.8 for each of the 
individual biomass functional groups considered. The yield coefficient combines the catabolic 
and anabolic reaction stoichiometries. Finally, the lysis process of the biomass is added as a 
separate bioprocess using the death regeneration approach, i.e. 𝑑𝑑𝐿𝐿
𝑑𝑑𝜇𝜇
=  −𝑝𝑝𝑋𝑋 where b is the death 
rate of the biomass (X).  
 
The above-described procedure is implemented for the different active biomass mediated 
bioprocesses, i.e. i) SRB, ii) SOB, iii) sulfur users and iv) ferrous oxidisers, i.e. Leptospirillum 
ferriphilum sp., that were considered in the present research study. 
 
5.2.3. Sulfate reduction bacteria reaction stoichiometry 
The anabolic pathway for Va, Bu, Pr and Ac utilising SRB are described in the current section for 
each VFA substrate-utilising biomass group. The biomass described in the reaction 
stoichiometries for each SRB group, based on substrate affinity, are based on an generic 
elemental composition, i.e. CH1.4O0.4N0.2P0.04, for all SRB species. Also, for the anabolic 
pathways, described in this work, only the major nutrients such as, ammonium and phosphate 
were included in the reaction stoichiometries. Other trace metals and nutrients needed for the 
growth of biomass, that was added to the feed mixture for the experimental study as described 
in Section 4.3, was excluded from the anabolic pathway reaction stoichiometries. The mass- and 
charge-balanced anabolic stoichiometries are described in their mass unit form by Equations 
E5.2.3.a to d below: 
 
 𝑆𝑆𝜇𝜇𝜇𝜇− + 0.04 𝑆𝑆𝑁𝑁𝜇𝜇4+ + 0.009 𝑆𝑆𝜇𝜇𝜇𝜇𝜇𝜇42− + 1.79 𝐻𝐻2𝑂𝑂 
𝜌𝜌𝜇𝜇𝜇𝜇
�⎯� 0.25 𝑋𝑋𝜇𝜇𝜇𝜇𝜇𝜇 + 2.34 𝑆𝑆𝜇𝜇𝐶𝐶𝜇𝜇3− + 0.24 𝑆𝑆𝜇𝜇+  
        (E5.2.3.a) 
 𝑆𝑆𝜇𝜇𝜇𝜇− + 0.036 𝑆𝑆𝑁𝑁𝜇𝜇4+ + 0.008 𝑆𝑆𝜇𝜇𝜇𝜇𝜇𝜇42− + 1.6 𝐻𝐻2𝑂𝑂 
𝜌𝜌𝜇𝜇𝜇𝜇
�⎯� 0.23 𝑋𝑋𝜇𝜇𝜇𝜇𝜇𝜇 + 2.2 𝑆𝑆𝜇𝜇𝐶𝐶𝜇𝜇3− + 0.22 𝑆𝑆𝜇𝜇+  
        (E5.2.3.b) 
𝑆𝑆𝐾𝐾𝜇𝜇𝑝𝑝− + 0.03 𝑆𝑆𝑁𝑁𝜇𝜇4+ + 0.006 𝑆𝑆𝜇𝜇𝜇𝜇𝜇𝜇42− + 1.33 𝐻𝐻2𝑂𝑂 
𝜌𝜌𝐾𝐾𝜇𝜇𝑝𝑝
�⎯⎯� 0.19 𝑋𝑋𝜇𝜇𝐾𝐾𝜇𝜇𝑝𝑝 + 2.0 𝑆𝑆𝜇𝜇𝐶𝐶𝜇𝜇3− + 0.18 𝑆𝑆𝜇𝜇+  
        (E5.2.3.c) 
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 𝑆𝑆𝜇𝜇𝜇𝜇− + 0.021 𝑆𝑆𝑁𝑁𝜇𝜇4+ + 0.005 𝑆𝑆𝜇𝜇𝜇𝜇𝜇𝜇42− + 0.94 𝐻𝐻2𝑂𝑂 
𝜌𝜌𝜇𝜇𝜇𝜇
�⎯� 0.13 𝑋𝑋𝜇𝜇𝜇𝜇𝜇𝜇 + 1.71 𝑆𝑆𝜇𝜇𝐶𝐶𝜇𝜇3− + 0.12 𝑆𝑆𝜇𝜇+  
        (E5.2.3.d) 
 
Where the active biomass, CH1.4O0.4N0.2P0.04, products are described by the abbreviation XbS, and 
the subscript S refers to the specific substrate Ac, Pr, Bu or Va used.  
 
The catabolic and anabolic stoichiometries are multiplied by Ys and (1-Ys), respectively, where 
Ys is the Yield coefficient (YS) and the subscript S refers to the specific VFAs substrate used by 
the SRB species. The YS for each of the biomass group was obtained from literature studies 
described in Section 2.8. The Y values used in the present study are the medians of the values 
presented in Table 5.2.3.a.  
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YVa YBu Ypro YAc 
g.g-1 g.g-1 g.g-1 g.g-1 
Robinson and Tiedje 
(1983) Desulfovibrio       0.013 
Maillacheruvu and Park 
(1995) SRBs   0.032 0.023 
Omil et al. (1997b) D. postgatei       0.050 
Ó'Flaherty 1998 D. sapovorans   0.038     
Ó'Flaherty 1998 D. sapovorans   0.030     
Kalyuzhnyi et al. (1998) SBR Bu   0.030 0.0300 0.036 
Scholten et al. (2000) SRB pro Users     0.0111   
Scholten et al. (2000) SRB pro Users     0.0114   
Hu et al. (2001) SBR Acetate Users       0.266 
Lokshina  (2001) SBR Acetate Users       0.600 
Moosa et al. (2002) SBR Acetate Users     
 
0.58 
Kalyuzhnyi et al. (2003) SBRs   0.033 0.0329 0.034 
Al-Malack et al. (2006) SBRs 0.012       
Rajkumar (2009) 
Acetogenic 
Sulphidogens       0.027 
Rajkumar (2009) 
Acetogenic 
Silphidogens       0.033 
Paula and Foresti (2009) SRB Ac Users       0.230 
Xu et al. (2013) SBR Bu Utiliser   0.090     
Hao et al. (2014) SRB Ac Users       0.050 
Solon et al. (2017) SRBs 0.060 0.06 0.04 0.050 
Yield Coefficient Range   0.012-0.06 0.03-0.09 0.01-0.04 0.023-0.6 
 
The biomass yield coefficient for the Va, Bu, Pr and Ac users, i.e. YVa, YBu, YPr and YAc, links the 
anabolic and catabolic pathways for the use of 1 e- donated by the e- donor. Adding, the e- donor, 
anabolic and catabolic reaction stoichiometries yield the expression for each of the metabolic 
processes of the considered SRB. The SRB biomass yield coefficients selected were determined 
from simulations using DHI WEST®, where 1) YVa was estimated as 0.075g/g, close to the value 
reported by Solon et al. (2017), 2) YBu was estimated as 0.054g/g, close to the value reported by 
Solon et al. (2017), 3) Ypro was estimated as 0.05 g/g, close to the values reported by 
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Maillacheruvu and Park (1995) and Kalyuzhnyi et al. (2003) and 4) YAc was estimated as 
0.175g/g, close to the values reported by Paula and Forresti (2009) and Hu et al. (2001). The 
process of estimation of the yield coefficient using DHI WEST® was achieved by adjusting the 
yield coefficient to allow for changes that best-fit the experimental dataset for biomass growth 
and substrate utilisation for all the changes of the state variables, i.e. i) feed substrate 
concentrations and ii) HRTs applied. This is done  
 
The above reaction stoichiometric expressions can be described by Equation E5.2.3.e, for the 
substrate Va, as indicated below: 
 
 𝐶𝐶1𝑆𝑆𝜇𝜇𝜇𝜇− + 𝐶𝐶2𝑆𝑆𝜇𝜇𝜇𝜇42− + 𝐶𝐶3𝑆𝑆𝑁𝑁𝜇𝜇4+ + 𝐶𝐶4𝑆𝑆𝜇𝜇𝜇𝜇𝜇𝜇42− + 𝐶𝐶5𝑆𝑆𝜇𝜇𝐶𝐶𝜇𝜇3−  
𝜌𝜌𝜇𝜇𝜇𝜇
�⎯�  𝐶𝐶6𝑋𝑋𝜇𝜇𝜇𝜇𝜇𝜇 + 𝐶𝐶7 𝑆𝑆𝜇𝜇𝜇𝜇− + 𝐶𝐶8𝑆𝑆𝜇𝜇𝜇𝜇− +
𝐶𝐶9𝑆𝑆𝜇𝜇𝜇𝜇− + 𝐶𝐶10𝑆𝑆𝜇𝜇+ + 𝐶𝐶11 𝐻𝐻2𝑂𝑂       (E5.2.3.e) 
 
Where the coefficients a1 to a11 are given by Equations E5.2.3.e.i to E5.2.3.e.xi below and are 
expressed in terms of 1 mass concentration unit, e.g. mg/l, of the substrate as: 
 
𝐶𝐶1 = (ƒ𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇)          (E5.2.3.e.i) 
𝐶𝐶2 = (0.482 − 0.646 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)        (E5.2.3.e.ii) 
𝐶𝐶3 = (0.325 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)         (E5.2.3.e.iii) 
𝐶𝐶4 = (0.068 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)         (E5.2.3.e.iv) 
𝐶𝐶5 = (0.0042 − 0.008 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)        (E5.2.3.e.v) 
𝐶𝐶6 = (2 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)          (E5.2.3.e.vi) 
𝐶𝐶7 = (0.725 − 1.019 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)        (E5.2.3.e.vii) 
𝐶𝐶8 = (0.578 − 0.829 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)        (E5.2.3.e.viii) 
𝐶𝐶9 = (0.166 − 0.235 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)        (E5.2.3.e.ix) 
𝐶𝐶10 = (0.005 − 0.025 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)        (E5.2.3.e.x) 
𝐶𝐶11 = (1.1 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)         (E5.2.3.e.xi) 
 
Where ƒcSVa = 2.039 (mgCOD/mgVa) is the COD:mass ratio of the substrate. Other COD:mass 
ratios are ƒcSBu = 1.818 for butyrate, ƒcSPr = 1.514 for propionate and ƒcSAc = 1.067 for acetate. 
The mass ratios can be calculated from the known composition of the VFAs concerned. 
 
Similarly, the reaction stoichiometry for butyrate as a substrate is described in Equation E5.2.3.f 
as: 
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  𝑝𝑝1𝑆𝑆𝜇𝜇𝜇𝜇
− + 𝑝𝑝2𝑆𝑆𝜇𝜇𝜇𝜇42− + 𝑝𝑝3𝑆𝑆𝑁𝑁𝜇𝜇4+ + 𝑝𝑝4𝑆𝑆𝜇𝜇𝜇𝜇𝜇𝜇42− + 𝑝𝑝5𝑆𝑆𝜇𝜇𝐶𝐶𝜇𝜇3−  
𝜌𝜌𝜇𝜇𝜇𝜇
�⎯�  𝑝𝑝6𝑋𝑋𝜇𝜇𝜇𝜇𝜇𝜇 + 𝑝𝑝7𝑆𝑆𝜇𝜇𝜇𝜇− + 𝑝𝑝8𝑆𝑆𝜇𝜇𝜇𝜇− +
𝑝𝑝9𝑆𝑆𝜇𝜇+ + 𝑝𝑝10 𝐻𝐻2𝑂𝑂        (E5.2.3.f) 
 
Again, the coefficients b1 to b10 are given by Equations E5.2.3.f.i to E5.2.3.f.x below for 1 mass 
concentration unit, e.g. mg/l:  
 
𝑝𝑝1 = 1 × (ƒ𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇)         (E5.2.3.f.i) 
𝑝𝑝2 = (0.555 − 0.852 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)        (E5.2.3.f.ii) 
𝑝𝑝3 = (0.216 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)         (E5.2.3.f.iii) 
𝑝𝑝4 = (0.046 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)         (E5.2.3.f.iv) 
𝑝𝑝5 = (0.0346 − 0.108 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)        (E5.2.3.f.v) 
𝑝𝑝6 = (1.376 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)         (E5.2.3.f.vi) 
𝑝𝑝7 = (1.384 − 2.162 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)        (E5.2.3.f.vii) 
𝑝𝑝8 = (0.191 − 0.313 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)        (E5.2.3.f.viii) 
𝑝𝑝9 = (0.007 − 0.06 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)        (E5.2.3.f.ix) 
𝑝𝑝10 = (0.65 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇)         (E5.2.3.f.x) 
 
The reaction stoichiometry for propionate as a substrate is described in Equation E5.2.3.g: 
 
  𝑐𝑐1𝑆𝑆𝐾𝐾𝜇𝜇𝑝𝑝− + 𝑐𝑐2𝑆𝑆𝜇𝜇𝜇𝜇42− + 𝑐𝑐3𝑆𝑆𝑁𝑁𝜇𝜇4+ + 𝑐𝑐4𝑆𝑆𝜇𝜇𝜇𝜇𝜇𝜇42−  
𝜌𝜌𝐾𝐾𝜇𝜇𝑝𝑝
�⎯⎯�  𝑐𝑐5𝑋𝑋𝜇𝜇𝐾𝐾𝜇𝜇𝑝𝑝 + 𝑐𝑐6𝑆𝑆𝜇𝜇𝜇𝜇− + 𝑐𝑐7𝑆𝑆𝜇𝜇𝐶𝐶𝜇𝜇3− + 𝑐𝑐8𝑆𝑆𝜇𝜇𝜇𝜇− +
𝑐𝑐9𝑆𝑆𝜇𝜇+ + 𝑐𝑐10 𝐻𝐻2𝑂𝑂        (E5.2.3.g) 
 
The coefficients c1 to c10 are given by Equations E5.2.3.g.i to E5.2.3.g.x below for 1 mass 
concentration unit, e.g. mg/l:  
 
𝑐𝑐1 = 1 × �ƒ𝑐𝑐𝑆𝑆𝑝𝑝𝑃𝑃𝑙𝑙�         (E5.2.3.g.i) 
𝑐𝑐2 = �0.956 − 0.931 ∗ 𝑌𝑌𝑝𝑝𝑃𝑃𝑙𝑙�        (E5.2.3.g.ii) 
𝑐𝑐3 = �0.236 ∗ 𝑌𝑌𝑝𝑝𝑃𝑃𝑙𝑙�         (E5.2.3.g.iii) 
𝑐𝑐4 = �0.046 ∗ 𝑌𝑌𝑝𝑝𝑃𝑃𝑙𝑙�         (E5.2.3.g.iv) 
𝑐𝑐5 = �1.514 ∗ 𝑌𝑌𝑝𝑝𝑃𝑃𝑙𝑙�         (E5.2.3.g.v) 
𝑐𝑐6 = �0.796 − 0.523 ∗ 𝑌𝑌𝑝𝑝𝑃𝑃𝑙𝑙�        (E5.2.3.g.vi) 
𝑐𝑐7 = �0.775 − 0.509 ∗ 𝑌𝑌𝑝𝑝𝑃𝑃𝑙𝑙�        (E5.2.3.g.vii) 
𝑐𝑐8 = �0.325 − 0.216 ∗ 𝑌𝑌𝑝𝑝𝑃𝑃𝑙𝑙�        (E5.2.3.g.viii) 
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𝑐𝑐9 = �0.003 − 0.0022 ∗ 𝑌𝑌𝑝𝑝𝑃𝑃𝑙𝑙�        (E5.2.3.g.ix) 
𝑐𝑐10 = �0.742 ∗ 𝑌𝑌𝑝𝑝𝑃𝑃𝑙𝑙�         (E5.2.3.g.x) 
 
The reaction stoichiometry for acetate as the substrate is described in Equation E5.2.3.h as: 
 
  𝑑𝑑1𝑆𝑆𝜇𝜇𝜇𝜇
− + 𝑑𝑑2𝑆𝑆𝜇𝜇𝜇𝜇42− + 𝑑𝑑3𝑆𝑆𝑁𝑁𝜇𝜇4+ + 𝑑𝑑4𝑆𝑆𝜇𝜇𝜇𝜇𝜇𝜇42−  
𝜌𝜌𝜇𝜇𝜇𝜇
�⎯�  𝑑𝑑5𝑋𝑋𝜇𝜇𝐾𝐾𝜇𝜇𝑝𝑝 + 𝑑𝑑6𝑆𝑆𝜇𝜇𝐶𝐶𝜇𝜇3− + 𝑑𝑑7𝑆𝑆𝜇𝜇𝜇𝜇− + 𝑑𝑑8𝑆𝑆𝜇𝜇+ +
𝑑𝑑9 𝐻𝐻2𝑂𝑂         (E5.2.3.h) 
 
The coefficients d1 to d10 are given by Equations E5.2.3.h.i to E5.2.3.h.ix below for 1 mass 
concentration unit, e.g. mg/l:  
 
𝑑𝑑1 = 1 × (ƒ𝑐𝑐𝑆𝑆𝐴𝐴𝑐𝑐)         (E5.2.3.h.i) 
𝑑𝑑2 = (1.538 − 0.861 ∗ 𝑌𝑌𝐴𝐴𝑐𝑐)        (E5.2.3.h.ii) 
𝑑𝑑3 = (0.182 ∗ 𝑌𝑌𝐴𝐴𝑐𝑐)         (E5.2.3.h.iii) 
𝑑𝑑4 = (0.036 ∗ 𝑌𝑌𝐴𝐴𝑐𝑐)         (E5.2.3.h.iv) 
𝑑𝑑5 = (1.124 ∗ 𝑌𝑌𝐴𝐴𝑐𝑐)         (E5.2.3.h.v) 
𝑑𝑑6 = (1.956 − 1.096 ∗ 𝑌𝑌𝐴𝐴𝑐𝑐)        (E5.2.3.h.vi) 
𝑑𝑑7 = (0.529 − 0.298 ∗ 𝑌𝑌𝐴𝐴𝑐𝑐)        (E5.2.3.h.vii) 
𝑑𝑑8 = (0.001 − 0.0001 ∗ 𝑌𝑌𝐴𝐴𝑐𝑐)        (E5.2.3.h.viii) 
𝑑𝑑9 = (0.565 ∗ 𝑌𝑌𝐴𝐴𝑐𝑐)         (E5.2.3.h.ix) 
The hydrogen (H2) and CO32- are used by sulphidogenic hydrogenotrophic SRB (XbH2) as 
described by Equation E5.2.7.b: 
 
 𝑛𝑛1𝑆𝑆𝜇𝜇2 + 𝑛𝑛2𝑆𝑆𝜇𝜇𝜇𝜇42− + 𝑛𝑛3𝑆𝑆𝐶𝐶𝜇𝜇32− + 𝑛𝑛4𝑆𝑆𝑁𝑁𝜇𝜇𝑥𝑥 + 𝑛𝑛5𝑆𝑆𝜇𝜇𝜇𝜇43− + 𝑛𝑛6𝑆𝑆𝜇𝜇  
𝜌𝜌𝜇𝜇𝜇𝜇2
�⎯⎯�  𝑛𝑛7𝑋𝑋𝜇𝜇𝜇𝜇2 + 𝑛𝑛8𝑆𝑆𝜇𝜇𝜇𝜇− + 𝑛𝑛9𝐻𝐻2𝑂𝑂 
          (E5.2.7.b) 
 
The coefficients n1 to n9 are given by Equations E5.2.7.b.i to E5.2.7.b.xi below and refer to 1 
mass concentration unit, e.g. mg/l, of substrate: 
 
𝑛𝑛1 = 1           (E5.2.7.b.i) 
𝑛𝑛2 = 11.805          (E5.2.7.b.ii) 
𝑛𝑛3 = 2.654 ∗ 𝑌𝑌𝜇𝜇2         (E5.2.7.b.iii) 
𝑛𝑛4 = 0.151 ∗ 𝑌𝑌𝜇𝜇2         (E5.2.7.b.iv) 
𝑛𝑛5 = 0.0521 ∗ 𝑌𝑌𝜇𝜇2         (E5.2.7.b.v) 
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𝑛𝑛6 = 0.126           (E5.2.7.b.vi) 
𝑛𝑛7 = 𝑌𝑌𝜇𝜇2          (E5.2.7.b.vii) 
𝑛𝑛8 = 4.0605          (E5.2.7.b.viii) 
𝑛𝑛9 = 8.959          (E5.2.7.b.ix) 
 
The yield coefficient of XbH2 (YH2) was selected as the median of the literature values that are 
listed in Table 5.2.7.a below. 
 
21 TABLE 5.2.7.a: Yield coefficients of H2 using SRB studies as found in the literature 
Citation Bacteria Group from Literature 
YH2 
g.gH2 
Ó'Flaherty et al. (1998) D. Vulgaris 0.041 
Sonne-Hansen et al. (1999) Desulfovibrio sp. 0.048 
Espodito et al (2003) SRBs 0.144 
Ebrahimi et al. (2005) SRBs 0.048 
Maillacheruvu and Park (1995) SRBs 0.041 
Yield Coeficient for YH2  0.041-0.14 
 
The selected YH2 used in the DHI WEST® simulations was 0.048g/g, close to most of the yield 
coefficients reported in Table 5.2.7.a. Once again, the mass and charge continuities of the 
described metabolic reactions described in Section 5.2.1 are evaluated in Section 5.3. The mass 
and charge continuity checks for these SRB mediated reaction stoichiometries are discussed in 
Section 5.3. 
 
5.2.4. SOB activity in the CSTR-BSR system 
In Section 5.2.1.2 the catabolic pathway of the reaction stoichiometry for SOB was described. As 
was the case of the SRB above, this section describes the anabolic reaction stoichiometry related 
to the SOB. The same generic elemental composition of biomass was used for the SOB, i.e. 
CH1.4O0.4N0.2P0.04. However, the SOB is chemoautotrophic bacteria that use inorganic carbon, i.e. 
HCO3-, as a carbon source in the anabolic process instead of organic carbon (as is the case for 
SRB). The yield coefficient of the SOB (YSOB) is used in the derivation of the reaction 
stoichiometry of the SOB anabolism process as shown in Equation E5.2.4.a below: 
 
𝐹𝐹1𝑆𝑆𝜇𝜇𝜇𝜇− + 𝐹𝐹2 𝑆𝑆𝜇𝜇𝐶𝐶𝜇𝜇3− + 𝐹𝐹3 𝑆𝑆𝑁𝑁𝜇𝜇4+ + 𝐹𝐹4 𝑆𝑆𝜇𝜇𝜇𝜇𝜇𝜇42−  + 𝐹𝐹5 𝑆𝑆𝜇𝜇+
𝜌𝜌𝜇𝜇2𝜇𝜇
�⎯⎯� 𝐹𝐹6 𝑋𝑋𝜇𝜇𝜇𝜇𝜇𝜇 + 𝐹𝐹7 𝑆𝑆𝜇𝜇0 + 𝐹𝐹8 𝑆𝑆𝜇𝜇𝜇𝜇−  
           (E5.2.4.a) 
 
The coefficients e1 to e8 are given by Equations E5.2.4.a.i to E5.2.4.a.viii below: 
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𝐹𝐹1 = 2.89 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇𝜇𝜇         (E5.2.4.a.i) 
𝐹𝐹2 = (2.66 ∗ 𝑌𝑌𝑆𝑆𝑂𝑂𝐵𝐵)         (E5.2.4.a.ii) 
𝐹𝐹3 = (0.16 ∗ 𝑌𝑌𝑆𝑆𝑂𝑂𝐵𝐵)         (E5.2.4.a.iii) 
𝐹𝐹4 = (0.011 ∗ 𝑌𝑌𝑆𝑆𝑂𝑂𝐵𝐵)         (E5.2.4.a.iv) 
𝐹𝐹5 = (0.009 ∗ 𝑌𝑌𝑆𝑆𝑂𝑂𝐵𝐵)         (E5.2.4.a.v) 
𝐹𝐹6 = 𝑌𝑌𝑆𝑆𝑂𝑂𝐵𝐵          (E5.2.4.a.vi) 
𝐹𝐹7 = (0.35 ∗ 𝑌𝑌𝑆𝑆𝑂𝑂𝐵𝐵)         (E5.2.4.a.vii) 
𝐹𝐹8 = (1.93 ∗ 𝑌𝑌𝑆𝑆𝑂𝑂𝐵𝐵)         (E5.2.4.a.viii) 
 
Where YSOB was determined from a literature study reported in Table 5.2.4.a. 
 
22TABLE 5.2.4.a: Literature review of yield coefficients of SOB 
Citation Bacteria Group from Literature 
YSOB 
g.gS-2 
Nelson et al.(1986) thiobacillus 0.0082 
Chen et al. (2002) A. vinosum 0.0106 
Khavarpour et al. (2011) S. novella 0.0930 
Xu et al. (2013) SOB 0.0890 
Namgung and Song (2015) Thiooxidans 0.0945 
Yield Coefficient Range   0.0082-0.0945 
 
The reaction stoichiometry of the metabolic processes of the SOB to produce S0 are shown in 
Equation E5.2.4.a above. Mass and charge balances checks are done for the reaction 
stoichiometries of the SOB bioprocesses in Section 5.3. 
 
5.2.5. The SOB activity of the CSTR-BSR 
It is accepted that Figure 5.2.1.b, Section 5.2.1.3 above, shows that SO42- was regenerated from 
both sulfide and sulfur oxidations in the BSR aqueous environment given the slow ingress of 
oxygen and presence of sulfur oxidising bacteria (X_bS0). Hence, the anabolic reaction 
stoichiometry of X_bS0 is also derived here. As previously, the elemental composition of X_bS0 
biomass was the same as SRB and SOB, i.e. CH1.4O0.4N0.2P0.04. Furthermore, as X_SOB, X_bS0 
are also chemoautotrophic bacteria that use inorganic carbon as their carbon source. The yield 
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23TABLE 5.2.5.a: Yield Coefficient values of SOB as found in the literature 
Citation Bacteria Group from Literature 
YbS0 
g/gS0 
Konishi et al. 1995 Sulfur Oxidising Bacteria (bS0) 0.348 
Munz et al. (2009) Sulfur Oxidising Bacteria (bS0) 0.386 
Xu et al. (2013) Sulfur Oxidising Bacteria (bS0) 0.712 
Kon and Tatsumi (2014) Sulfur Oxidising Bacteria (bS0) 0.378 
Yield Coefficient Range  0.348-0.712 
 
The regeneration of SO42-, by X_bS0, is described in the metabolic reaction stoichiometric 
Equation E5.2.5.a: 
 
  𝑓𝑓1𝑋𝑋𝜇𝜇0 + 𝑓𝑓2𝑆𝑆𝜇𝜇𝐶𝐶𝜇𝜇3 + 𝑓𝑓3𝑆𝑆𝜇𝜇2 + 𝑓𝑓4𝑆𝑆𝑁𝑁𝜇𝜇4 + 𝑓𝑓5𝑆𝑆𝜇𝜇𝜇𝜇𝜇𝜇42− + 𝑓𝑓6𝑆𝑆𝜇𝜇𝜇𝜇  
𝜌𝜌𝜇𝜇𝜇𝜇0
�⎯⎯�  𝑓𝑓7𝑋𝑋𝜇𝜇𝜇𝜇0 + 𝑓𝑓8𝑆𝑆𝜇𝜇𝜇𝜇42 + 𝑓𝑓9𝑆𝑆𝜇𝜇  
          (E5.2.5.a) 
 
The coefficients ƒ1 to ƒ9 are given by Equations E5.2.5.a.i to E5.2.5.a.ix below and are expressed 
in terms of 1 mass concentration unit, e.g. mg/l, of substrate: 
𝑓𝑓1 = 1           (E5.2.5.a.i) 
𝑓𝑓2 = 2.657 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇0         (E5.2.5.a.ii) 
𝑓𝑓3 = (1.437 − 1.4 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇0)        (E5.2.5.a.iii) 
𝑓𝑓4 = 0.157 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇0         (E5.2.5.a.iv) 
𝑓𝑓5 = 0.033 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇0         (E5.2.5.a.v) 
𝑓𝑓6 = (0.556 − 0.514 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇0)         (E5.2.5.a.vi) 
𝑓𝑓7 = 𝑌𝑌𝜇𝜇𝜇𝜇0          (E5.2.5.a.vii) 
𝑓𝑓8 = (3 −  0.0125 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇0)        (E5.2.5.a.viii) 
𝑓𝑓9 = (0.042 − 0.036 ∗ 𝑌𝑌𝜇𝜇𝜇𝜇0)        (E5.2.5.a.ix) 
 
5.2.6. Ferrous biological oxidation bacteria reaction stoichiometry 
The literature review in Section 2.7.2. gives the full reaction stoichiometry of the metabolic 
process for the biological Fe2+ oxidation. In the case of X_bFe2 the biomass is defined with a 
different elemental composition, i.e. CH1.8O0.5N0.2. (Merino et al., 2010; Duku et al., 2011) given 
by Equation E2.7.2.d as:  
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𝑭𝑭𝑭𝑭𝟑𝟑+ + � 𝟏𝟏
2∙𝑌𝑌𝐿𝐿𝐿𝐿
− 0.6�  𝑯𝑯𝟐𝟐𝑶𝑶       (E2.7.2.d) 
 
However, E2.7.2.d describes the biomass in its molar form and requires transformation to its 
mass form to conform with the format of the other reaction stoichiometries described above. This 
unit transformation requires the yield coefficient (Yb) which was found from a literature review of 
the Leptospirillum ferriphilum sp. The yield coefficient selected as the median of the literature 
values listed in Table 5.2.6.a below.  
 
24TABLE 5.2.6.a: Yield Coefficient for Leptospirillum ferriphilum sp. 
Citation Bacteria Group from Literature 
YbFe 
gX/gFe 
Van Scherpenzeel et al. 1998 Leptospirillum ferriphilum sp. 0.00482 
Breed et al., 1999 Leptospirillum ferrooxidans 0.00259 
Ojumu et al., 2008 Leptospirillum ferriphilum sp. 0.00378 
Ojumu and Petersen, 2010 Leptospirillum ferriphilum sp. 0.00234 
Duku et al., 2012 Leptospirillum ferriphilum sp. 0.00210 
Yield Coefficient Range  0.0021-0.00482 
 
The reaction stoichiometry describing Fe2+ biological oxidation transformed to its mass form is 
given by Equation E5.2.6.a below: 
 
  𝑚𝑚1𝑆𝑆𝐹𝐹𝑀𝑀2 + 𝑚𝑚2𝑆𝑆𝜇𝜇𝐶𝐶𝜇𝜇3 + 𝑚𝑚3𝑆𝑆𝜇𝜇2 + 𝑚𝑚4𝑆𝑆𝑁𝑁𝜇𝜇4 + 𝑚𝑚5𝑆𝑆𝜇𝜇  
𝜌𝜌𝜇𝜇𝐹𝐹𝑀𝑀
�⎯⎯�  𝑚𝑚6𝑋𝑋𝜇𝜇𝐹𝐹𝑀𝑀2 + 𝑚𝑚7𝑆𝑆𝐹𝐹𝑀𝑀3 + 𝑚𝑚8𝐻𝐻2𝑂𝑂   
          (E5.2.6.a) 
 
Where the coefficients m1 to m8 are given by Equations E5.2.6.a.i to E5.2.6.a.viii below and refer 
to 1 mass concentration unit, e.g. mg/l, of substrate: 
𝑚𝑚1 = 1           (E5.2.6.a.i) 




         (E5.2.6.a.iii) 
𝑚𝑚4 = 0.146 ∗ 𝑌𝑌𝜇𝜇𝐹𝐹𝑀𝑀2         (E5.2.6.a.iv) 
𝑚𝑚5 = (0.019 − 0.008 ∗ 𝑌𝑌𝜇𝜇𝐹𝐹𝑀𝑀2)        (E5.2.6.a.v) 
𝑚𝑚6 = 𝑌𝑌𝜇𝜇𝐹𝐹𝑀𝑀2           (E5.2.6.a.vi) 
𝑚𝑚7 = 1           (E5.2.6.a.vii) 
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         (E5.2.6.a.viii) 
 
The mass and charge balances checks are performed on the metabolic reaction stoichiometry in 
Section 5.3.  
 
5.2.7. Application of the death regeneration approach 
Section 2.8.1. describes the approaches used in biological modelling to deal with the death and 
decay of biomass. The death-regeneration approach used by Dold et al. (1980) where active 
ordinary heterotrophic organisms (OHOs) die off and a fraction of the death OHOs lysis as 
biodegradable substrate. The death-regeneration approach is used in the present research to 




70Figure 5.2.7.a: Part of the diagram describing the death regeneration process in Ikumi et al. 
(2011). 
 
Dead Biomass is degraded into carbohydrates and proteins that are then further hydrolysed to 
monosaccharides (a class of sugars) like glucose in an anaerobic environment. Glucose is further 
degraded, through the process of acidogenesis, to volatile fatty acid (VFAs) like Acetate, 
Propionate, Butyrate, Valerate, the components of the feed substrate, and Hydrogen and CO2. 
The hydrogen produced in this process, together with CO2, is used by hydrogen-consuming SRB 
to produce H2S and biomass as presented in Section 5.2.1.1. The Acetate produced from the 
death regeneration product is fed to the Acetate substrate utilisation process above.The death 
regeneration process is shown in Figure 5.2.7.b below.  
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71Figure 5.2.7.b.: The death-regeneration process and active biomass involved in the process. 
 
In Section 5.2.1, the assumption of Postgate (1979), stating that the elemental composition of 
the SRB is likely to be similar to other active biomass, was accepted. Thus, it is logical to extend 
this assumption to the unbiodegradable particulate organic endogenous residue fraction, i.e. 
ƒ_upo. Also, it is safe to assume that the endogenous residue has the same composition as the 
biomass it comes from; Dold et al. (1980) and Ikumi et al. (2014) used an unbiodegradable 
endogenous fraction of residue, i.e. ƒ_upo, of 0.08 (mass fraction). The decay and disintegration 
of the dead biomass are described by a single reaction that is expressed by Equation E5.2.7.a. 
below:   
 
  𝑋𝑋𝜇𝜇𝐿𝐿  
𝑑𝑑𝑀𝑀𝜇𝜇𝜇𝜇𝑐𝑐
�⎯⎯⎯�  (1 − 𝑓𝑓𝑈𝑈𝜇𝜇𝜇𝜇)𝑋𝑋𝜇𝜇𝜇𝜇𝜇𝜇 + 𝑓𝑓𝑈𝑈𝜇𝜇𝜇𝜇𝑋𝑋𝑈𝑈𝜇𝜇𝜇𝜇      (E5.2.7.a) 
 
Batstone et al. (2001) described the processes of disintegration of BPO to carbohydrates, 
proteins and lipids that are then further hydrolysed and subsequently acidified to produce acetate 
(SAc), hydrogen (H2) and inorganic carbon (CO32-), as shown in Figure 5.2.7.b. Ikumi et al. (2011) 
summarised the death regeneration process of biomass to process glucose and VFAs. A 
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simplified form of the reaction stoichiometry describing the hydrolysis and acidification of BPO is 
described by equation E 5.2.7.b below: 
 
  𝑋𝑋𝜇𝜇𝜇𝜇𝜇𝜇 + 𝐻𝐻2𝑂𝑂 
𝑑𝑑𝑀𝑀𝜇𝜇𝜇𝜇𝑐𝑐
�⎯⎯⎯�  𝑋𝑋𝜇𝜇𝜇𝜇𝐷𝐷 + 𝑆𝑆𝜇𝜇𝜇𝜇 + 𝑆𝑆𝑁𝑁𝜇𝜇4 + 𝑆𝑆𝜇𝜇 + 𝑆𝑆𝜇𝜇𝐶𝐶𝜇𝜇3     (E5.2.7.b) 
The decay reactions rate is described in terms of the hydrolysis of biodegradable particulates 
(Ikumi et al., 2011).  
 
5.3. Process and components assessed for the CSTR and GL-BSR 
integrated systems 
The Gujer Matrix is described in Section 2.8.3. consists of two parts, 1) the processes (j), and 2) 
the components (i). The reactant and product components are given in the matrix cells where the 
process and competent intersection and reaction reactants are given a negative sign 
(consumption) and products are given a positive sign (produced). The Hauduc et al. (2010) 
spreadsheet was extended to include all the processes and components of the experimental 
CSTR-BSR and GL-BSR integrated systems. Table 5.3.1.a lists the processes of the short-chain 
fatty acid (SCFA) using SRB and endogenous products from higher substrate consumption, e.g. 
acetate produced from butyrate or propionate consumption. Although listed in different tables, 
the processes are numbered 1 to 23.  
 
25Table 5.3.1.a: BSR processes for both systems 





Uptake of Valerate by Va_SRBs 
2 Uptake of Butyrate by Bu_SRBs 
3 Uptake of Propionate by pro_SRBs 
4 Uptake of Acetate by Ac_SRBs 
5 Hydrogenotrophic SRBs 
 
Table 5.3.1.b. Gas-liquid mass transfer processes observed in both the CSTR-BSR and GL-BSR 
integrated systems 
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26Table 5.3.1.b: Gas-liquid transfer processes 
Processes (j)   ↓ 
6 H2S Gas Stripping in 
GL-BSR using N2 or 
CO2 as stripping gas 
N2 or CO2Gas Stripping_H2S aq. to gas phase 
7 N2 or CO2Gas Stripping_CO2 aq. to gas phase 
 
Table 5.3.1.c. Processes observed in the H2S gas absorption unit and the ferrous biological 
oxidation unit of the GL-BSR integrated system  
 
27Table 5.3.1.c: H2S gas absorption and Fe2+ bio-oxidation processes 
Processes (j)   ↓ 
8 
H2S Reactive Absorption Unit 
Reactive Absorption with the oxidation of H2S to 
S0 and the reduction Fe3+ to Fe2+ 
9 Precipitation of FeCO3 
10 Fe2+ Bio-oxidation  Fe2+  Oxidation to Fe3+ by X_ bFe2 
 
Table 5.3.1.d. Oxidation processes of the CSTR-BSR system observed under limited dissolve 
oxygen 
28Table 5.3.1.d: Sulfide and Sulfur Oxidation processes of the CSTR-BSR 
Processes (j)   ↓ 
11 
HS and S0 oxidation 
Sulfide Oxidisation to S0 by SOBs 
12 S0 Oxidation to SO42- by X_bS0 
13 S0 oxidation and S0/PolyS 
equilibrium  
The forward reaction of X_S0 to S_polyS 
14 The reverse reaction of X_S0 to S_polyS 
 
Table 5.3.1.e. The death regeneration processes for both systems: 
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Table 5.3.1.e. Death regeneration processes 
Processes (j)   ↓ 
15 
Death Regeneration Approach 
Decay and Disintegration of X_bVa 
16 Decay and Disintegration of X_bBu 
17 Decay and Disintegration of X_bpro 
18 Decay and Disintegration of X_bAc 
19 Decay and Disintegration of X_bH2 
20 Decay and Disintegration of X_SOB 
21 Decay and Disintegration of X_bS0 
22 Decay and Disintegration of X_bFe2 
23 Hydrolysis and Acidogenesis of BPO 
 
The components of the processes listed in Tables 5.3.1. a to e should be shown as columns in 
the Gujer Matrix but due to width limitations are also shown as rows in Table 5.3.1.f.i for aqueous 
or soluble phase components.  
 
29Table 5.3.1.f.i: Soluble Components of the GL-BSR integrated and CSTR-BSR systems 
Component (i) Units  Description  
1 S_Va gCOD.m-3 Substrate Valerate  
2 S_Bu gCOD.m-3 Substrate Butyrate 
3 S_Pr gCOD.m-3 Substrate Propionate 
4 S_Ac gCOD.m-3 Substrate Acetate 
5 S_SO4 g.m-3 Substrate Sulfate 
6 S_NHx g.m-3 Nutrient free and saline ammonia 
7 S_PO4 g.m-3 Nutrient phosphate 
8 S_CO3 g.m-3 Inorganic Carbon in feed and systems 
9 S_HS g.m-3 Sulfide  
10 S_Fe3 g.m-3 Ferric 
11 S_Fe2 g.m-3 Ferrous 
12 S_H.Sn g.m-3 Polysulfide (S42- and S52-) 
13 S_O2 g.m-3 Dissolved Oxygen 
14 S_H2 g.m-3 Dissolved Hydrogen  
15 S_H g.m-3 Hydrogen cation 
16 S_OH g.m-3 Hydroxyl anion 
17  H2O m3.d-1 water 
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30Table 5.3.1.f.ii: Particulate components of the GL-BSR integrated and CSTR-BSR 
systems  
Component (i) Units  Description  
18 X_S0 g.m-3 Elemental sulfur (S0) 
19 X_bVa g.m-3 Valerate using SRBs 
20 X_bBu g.m-3 Butyrate using SRBs 
21 X_bpro g.m-3 Propionate using SRBs 
22 X_bAc g.m-3 Acetate using SRBs 
23 X_SOB g.m-3 Sulfide Oxidising Bacteria (SOB) 
24 X_bS0 g.m-3 Sulfur Oxidising Bacteria 
25 X_bFe2 g.m-3 Ferrous Oxidising Bacteria 
26 X_BH2 g.m-3 Hydrogenotrophic SRB 
27 
X_B_Org  g.m-3 
Biodegradable Particulate Organics produced by 
biomass decay and disintegration  
28 
X_U_Org g.m-3 
Unbiodegradable Particulate Organics produced by 
biomass decay and disintegration  
29 X_AD g.m-3 Anaerobic Hydrolysis Active Biomass 
30 X_FeCO3 g.m-3 Iron precipitant (assumed FeCO3 in this case study) 
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31Table 5.3.1.f.iii Gaseous phase components of the GL-BSR integrated and CSTR-BSR 
systems 
Component Units Description 
31 G_H2S g.m-3 Hydrogen sulfide gas 
32 G_CO2 g.m-3 Carbon Dioxide gas 
 
5.3.1. Prototype model verification using the Hauduc et al. (2010) 
The Hauduc et al. (2010) spreadsheet discussed in Section 2.8.1. was amended from describing 
activated sludge (AS) systems model Gujer matrices to a format suitable to evaluate the BSR, 
SOB, bS0 and bFe2 systems of the present study. This was done given the practicality of this 
spreadsheet in evaluating the mass and charge balances of processes presented in Gujer 
matrices. The extended spreadsheet was applied to evaluate each of the reaction stoichiometries 
of the biological, gas-liquid mass transfer and precipitation reactions of the CSTR and GL-BSR 
integrated systems as described in Section 5.3 above.  
 
The structure of the Gujer Matrix, and therefore also the Hauduc et al. (2010) spreadsheet, allows 
the mass and charge balances of the stoichiometry for each process to be checked. First, the 
elemental composition of each component is specified in columns next to each other for the 
different components 1 to 32, as shown for acetate and ferrous carbonate (FeCO3) below. 
 
32Table 5.3.2.a: Mass balance for acetate and FeCO3 
Processes (j)   ↓ C H O N P S Fe Charge 
1 Acetate 2 3 2 0 0 0 0 -1 
2 Ferrous Carbonate (FeCO3) 1 0 3 0 0 0 1 0 
 
Then for the C balance, the stoichiometric coefficient below each component in a bioprocess 
column is multiplied by the C composition next to it and summised for the entire bioprocess 
column. The sum of the column for each element must be zero to ensure the selected element 
balance in the entire matrix, i.e. C for this case. This procedure is repeated for H, O, N, P, S, Fe, 
COD and charge of all the bioprocesses, where COD = ɣs and ɣs is given by equation E5.3.1.a 
as: 
 
𝛾𝛾𝑠𝑠 = 4𝑒𝑒 + 𝑦𝑦 − 2𝑧𝑧 − 3𝐶𝐶 + 5𝑝𝑝 + 6𝑐𝑐 − 𝑐𝑐ℎ      (E5.3.1.a) 
 
Where x, y, z, a, b and c are the elemental compositions of CHONPS and charge of each 
component (Ekama et al., 2008). The completed Gujer Matrix is shown in Tables 5.6.1.a to e 
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below. Tables 5.3.2.b. to f show the element mass and charge balances of the SRB mediated 
processes j1 to j5.  
 
33Table 5.3.2.b: Mass and charge Balance of BSR processes for both BSR systems 
Processes (j)   ↓ COD C H O N P S Fe K Charge Mass 
1 
Uptake of Valerate 
by Va_SRBs 
0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 





0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
4 Uptake of Acetate by Ac_SRBs 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
5 Hydrogenotrophic SRBs 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
 
The gas-liquid mass transfer processes are given by processes j6 to j7. 
 
34Table 5.3.2.c: Gas-Liquid mass transfer processes for both systems 
Processes (j)   ↓ COD C H O N P S Fe K Charge Mass 
6 
N2 or CO2 stripping 
gas_H2S aq to gas 
phase 
0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
7 
N2 or CO2 stripping 
gas_CO2 aq to gas 
phase 
0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
 
The H2S gas reactive absorption unit and the closed-loop connected Fe2+ biological oxidation 
processes j8 to j10. 
 
35Table 5.3.2.d: H2S reactive absorption and Fe2+ bio-oxidation processes for the GL-
BSR integrated system 
Processes (j)   ↓ COD C H O N P S Fe K Charge Mass 
8 
Reactive 
Absorption of H2S 
to produce S80 (in 
Fe3+ to Fe2+) 
0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
9 Precipitation of FeCO3 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
10  Fe
2+  Oxidation to 
Fe3+ by X_ bFe2 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
 
The sulfide and elemental sulfur oxidation reactions in the CSTR-BSR systems under limited 
dissolved oxygen conditions processes j11 to j14. 
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36Table 5.3.2.e: Sulphide and elemental sulphur oxidation reactions and forward and 
reverse S0 and polyS reactions in the CSTR system 
Processes (j)   ↓ COD C H O N P S Fe K Charge Mass 
11 
Sulphide 
Oxidisation to S80 by 
SOBs 
0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
12 
Sulphide 
Oxidisation to SO42- 
by SOBs 
0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
13 Forward reaction of X_S0 to S_polyS 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
14 Reverse reaction of X_S0 to S_polyS 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
 
The death regeneration processes are given by j15 to j23 in the table below.  
 
All 23 processes can be seen to balance within one-tenth of a percentage (< 0.0%). Thus, it can 
be concluded that the processes in the CSTR-BSR and integrated GL-BSR systems do not 
produce processes mass continuity errors that are greater than 0.01%. This excludes model input 
data errors.  
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37Table 5.3.2.f: Biomass decay, disintegration, hydrolysis and fermentation to SCFAs 








































0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
23 Hydrolysis of BPO 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
 
5.4. Weak acid-base equilibrium chemistry of the CSTR-BSR and GL-
BSR integrated systems 
As described in Section 2.5, physico-chemical reactions occur alongside biological reactions in 
biological systems. These reactions are not mediated by microorganisms. Some of these 
physico-chemical reactions, namely precipitation, i.e. liquid-solid phase interaction, and gas 
mass transfer, i.e. gaseous-liquid phase interaction, are considered with the slow biological 
reactions and, hence, are included in the Gujer Matrix. However, the aqueous phase weak and 
strong acid-base equilibrium reactions are excluded from the Gujer Matrix and solved with an 
algebraic equation using solver (see Section 5.1 above).  
 
The Brouckaert et al. (2017) speciation routine includes 42 ionic species and is part of the DHI 
WEST ® simulation software to perform the aqueous phase speciation with an algebraic solver. 
This speciation routine contained most of the aqueous phase weak acid-base species and ion 
pairs of the CSTR-BSR and GL-BSR Integrated systems. The missing species were added.  
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5.4.1. Amendment and inclusion of the weak acid-base speciation routine of 
Brouckaert et al. (2017)  
The speciation routine of Brouckaert et al. (2017) considers the common weak acid-base 
equilibrium species of activated sludge and anaerobic digestion processes. The Brouckaert et al. 
(2017) speciation routine consists of 12 ionic components (used on the slow biological and 
physical processes) of which 7 are weak acid-base equilibrium ionic species, presented in Table 
5.4.1.a; five are ionic components, presented in Table 5.4.1.b; and 24 are ion pairs. The ion pairs 
only have a notable impact on the system ionic strengths at high total dissolved solids (TDS) 
concentrations or high electrical conductivity (EC) (Musvoto et al., 2000; Tait et al., 2012). 
 
38Table 5.4.1.a: The weak acid-base systems included in Brouckaert et al. (2017) 
Ionic Systems Species 
1 Inorganic Carbon system H2CO3/HCO3-/CO32- 
2 Water system  H+/OH- 
3 Ammonium system  NH4+/NH3 
4 Phosphate system  H3PO4/H2PO4-/HPO42-/PO43- 
5 Sulfate system HSO4-/SO42- 
6 Acetate system  HAc / Ac- 
7 Propionate system  Hpro / pro- 
 
39Table 5.4.1.b: The ionic species included in Brouckaert et al. (2017) 
Ionic Components Ion 
8 Sodium-ion Na+ 
9 Potassium ion K+ 
10 Calcium ion Ca2+ 
11 Magnesium ion Mg2+ 
12 Chloride ion Cl- 
 
Brouckaert et al. (2018) present the aqueous equilibrium speciation in a Gujer Matrix that 
describes the speciation, formation and dissociation of the ionic pairs in the speciation routine.  
Most species in the speciation routine are present in the feed of the CSTR-BSR and GL-BSR 
integrated systems. However, the Brouckaert et al. (2017) speciation routine extends to include, 
i) the sulfide system, ii) the butyric acid system, iii) the valeric acid system, and iv) the polysulfide 
(Sn2-) to elemental sulfur (S0) system equilibrium process.  
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40Table 5.4.1.c: Weak acid-base systems used in the present study 
Ionic Systems Species 
13 Butyric system HBu / Bu- 
14 Valerate system HVa / Va- 
15 Sulfide system H2S / HS- 
 
The equilibrium system of polysulfide (Sn2-) and elemental sulfur (S0) compounds are considered 
in detail in the next section, where the reaction stoichiometry of this oxidation-reduction 
equilibrium reaction is considered. This also explains why the S0/Sn2- equilibrium can be modelled 
as a weak acid-base equilibrium reaction. 
 
The speciation routine solved the algebraic equilibrium equations (AEE) with a C++ file that runs 
in parallel with the DHI WEST ® processes ordinary differential equations (ODE) solver. This was 
done to avoid mathematical stiffness and solver-related technical glitches during simulation due 
to the rapid reaction rates of the weak acid-base equilibrium reactions contained in the speciation 
routine (Lizarrande et al,, 2015). The speciation routine is solved at each step of the ODE solver 
to determine the aqueous species concentrations from the charges in the ODE produced 
component. All the aqueous species are determined this way including H+ from which the pH is 
determined.  
 
5.5. Gujer Matrix describing both the CSTR and GL-BSR integrated 
systems 
The aim of Chapter 5 is the development of the Gujer Matrix that describes the biological, the 
gas-liquid mass transfer, precipitation-dissolution and aqueous phase equilibrium processes, 
which is now achieved. In the first part of this section, all processes are presented in a single 
Gujer Matrix with all the associated reactant and product components and in the second part, all 
the weak acid-base equilibrium species are listed in a Table.  
 
5.5.1. Defining poly-sulfide / elemental sulfur equilibrium from the CSTR-BSR 
system containing biologically produced S0 
Measurements conducted on the experimental CSTR-BSR and GL-BSR integrated systems 
revealed that i) the sulfur component mass balance cannot be closed using SO42- and sulfide 
component measurements only, and ii) the elemental sulfur (S0) was measured at a pH less than 
7.2 in the CSTR-BSR system. Section 2.4. reviews the literature of S0 and SO42- production from 
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sulfide oxidation bacteria (X_SOB) and sulfur oxidation bacteria (X_bS0) activities, respectively, 
under limited oxygen in a BSR environment. Kamyshny et al., (2004) and Kleinjan et al. (2005) 
reported that S0 can exist in a dynamic equilibrium with polysulfide (Sn2-).  
 
Section 2.5.4 shows that the formation of the chain polymer sulfide or polysulfide takes place via 
a reduction-oxidation (Redox) reaction. The HS-+S0/Sn2- equilibrium reactions can be modelled 
in the same way as fast aqueous phase weak acid-base equilibrium reactions given that they 
occur more rapidly than the bioprocesses and so are constantly at equilibrium (Kamyshny et al., 
2004; Kleinjan et al., 2005b; Mooruth and Van Hulle, 2013). This approach corresponds to 
biological system modelling; it is adopted in the present study by including it in the fast-aqueous 
phase equilibrium reactions.  
 
Due to the complexity of polysulfide measurement and the significant error margin in the results 
produced from these measurements, an indirect measuring approach was adopted. The indirect 
analytical approach for polysulfide measurement required an additional computational method to 
quantify the polysulfide. In the present study, a titration method was used where a 1N HCl solution 
was used to titrate, i) artificially prepared polysulfide mixtures, using 99.99% disodium sulfide 
nano-hydrate (Na2S.9H2O) crystals (Sigma-Aldrich Chemicals) and 99.998% elemental sulfur 
(Sigma-Aldrich Chemicals) in distilled de-ionised water at S0 concentrations of 170, 320, 480, 
680 and 1340 mg/l with excess sulfide, i.e. 1.1 times the S0 concentration, and ii) two samples of 
mixed liquor from the CSTR-BSR systems with one sample having a feed COD of 7500mg/l (HRT 
of 10 days) and the other sample a feed COD of 1250 mg/l (HRT of 5 days). The titration was 
done inside a laboratory glove box, in an argon gas environment to ensure no oxygenation of the 
sample. A sample of 100ml, with a pH of approximately 9, was gently stirred and a pH probe was 
placed inside the mixture. An initial 200µl sample was taken from the 100ml continuously stirred 
the mixture and dosed into 1800µl chloroform in a 2ml eppi-tube, and vigorously mixed. Next,  
200µl of acid were dosed to the 100ml sample and a new pH was established before another 
sample was taken to be collected in another 2ml eppi-tube containing 1800µl chloroform. This 
procedure was repeated until the titration of the initial 100ml mixture reach a pH value below 7. 
All the above was done inside the air-free glove box. The results of the elemental sulfur 
measurements from these samples are shown in Figure 5.5.2.a. 
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72Figure 5.5.2.a: Elemental S change with pH (1 N HCl titrations) 
 
Section 2.4.2, on polysulfides, shows a reaction stoichiometry for the weak acid-base equilibrium 
for polysulfide and sulfur that is described by Equation E5.5.2.a as: 
 




��  𝐇𝐇. 𝐒𝐒�𝒙𝒙�𝒊𝒊−𝟏𝟏𝑳𝑳 �+𝟏𝟏�




+ 𝐇𝐇+    (E5.5.2.a) 
 
Cloke et al. (1963) and Kleinjan et al. (2005) found S42- and S52- species the dominant species of 
polysulfide (Sn2-) in solution, based on their formation energies. In the present study, the 
polysulfide S42- and S52- species were assumed to be the only relevant species present in the 
CSTR-BSR systems. To develop a mass balance stoichiometry for the weak acid-base 
equilibrium reaction, the polysulfide species S42- and S52- are represented by S4.52-. The elemental 
sulfur compound is described in its octa-sulfur structure (S80) as described by Kleinjan et al. 
(2005b). Hence, the equilibrium reaction stoichiometry for S80 and S4.52- can be described by 
Equation E5.5.2.b below: 
 
𝐇𝐇𝐒𝐒−   + 𝟑𝟑.𝟓𝟓
𝟖𝟖
 𝐒𝐒𝟖𝟖𝟎𝟎   
𝐊𝐊𝐊𝐊𝐱𝐱






+ 𝐇𝐇+     (E5.5.2.b) 
 




























S0 in = 170 ppm S0 in = 320 ppm S0 in = 480 ppm
S0 in = 680 ppm S0 in = 1340 ppm CSTR BSR @ 135 ppm
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         (E5.5.2.c) 
 
Where KSn is the equilibrium constant for the polysulfide species. The equilibrium equation of S0, 
polysulfide (Sn2-) and the intermediate H.Sn product of S0 and HS-, instead of HS- alone, is 
presented in Equations E2.4.2.b and c (Kamyshny et al., 2008). Thus, the equilibrium equation 
and KSn, adjusted for compound and H+ activities, is given by Equation E5.5.2d as: 
 
𝐾𝐾𝜇𝜇𝑛𝑛   =
�𝜇𝜇4.52−��𝜇𝜇+�
(𝜇𝜇.𝜇𝜇4.5−)
× (𝜇𝜇𝑑𝑑)(𝜇𝜇𝜇𝜇)        (E5.5.2d) 
 
Where S4.52- is poly-sulfide as a 50/50 mix of S42- and S52-; ƒm and ƒd are the mono and divalent 
ion activity constants, respectively (see Section 2.5.1).  
 
The equilibrium constant (pKSn), of poly-sulfide in equilibrium with S0, was determined from the 
HCl titration described above. To do this, the reaction equilibrium Equation E5.5.2.b is 
transformed in 2 steps in which, i) Sx0 is written as 1 mole in relation to the other components of 
the reaction stoichiometry, and ii) the reaction is written in its mass concentration form. The mass 
relationship with the other species in the equilibrium reaction stoichiometry is given by Equation 
E5.5.2.e as: 
 
� 𝑴𝑴𝑴𝑴𝑯𝑯𝑺𝑺( 𝒊𝒊𝑺𝑺𝒊𝒊𝟐𝟐−𝟏𝟏)∗𝟑𝟑𝟐𝟐� 𝐇𝐇𝐒𝐒
−   +   𝟏𝟏 ∗ 𝐒𝐒𝐱𝐱𝟎𝟎    
𝐊𝐊𝐊𝐊𝐧𝐧
��    � 𝑴𝑴𝑴𝑴𝑺𝑺𝒊𝒊( 𝒊𝒊𝑺𝑺𝒊𝒊𝟐𝟐−𝟏𝟏)∗𝟑𝟑𝟐𝟐� 𝐒𝐒𝐧𝐧
𝟐𝟐−
+   � 𝑴𝑴𝑴𝑴𝑯𝑯𝑺𝑺( 𝒊𝒊𝑺𝑺𝒊𝒊𝟐𝟐−𝟏𝟏)∗𝟑𝟑𝟐𝟐� 𝐇𝐇
+  (E5.5.2.e) 
 
Where all the species are in mass units. Hence, for S4.52- and S80, Equation E5.5.2.e is reduced 
to Equation E 5.5.2.f given below as:  
 
𝟎𝟎. 𝟐𝟐𝟗𝟗𝟓𝟓𝐇𝐇𝐒𝐒−   +   𝐒𝐒𝟖𝟖𝟎𝟎      
𝐢𝐢𝐧𝐧𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢




��    𝟏𝟏. 𝟐𝟐𝟖𝟖𝟎𝟎𝐒𝐒𝟒𝟒.𝟓𝟓
𝟐𝟐−
+  . 𝟎𝟎𝟎𝟎𝟗𝟗𝐇𝐇+ (E5.5.2.f) 
 
From which the mass ratio S80:S4.52- is 1:1.286; and the mass ratio for S80 and the proposed 
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41Table 5.5.2.a: Weak acid-base systems amended from Brouckaert et al. (2017) 
Ionic Systems Species 
16 
Elemental Sulfur/PolyS system  H.S4.5- / S4.52- 
H.S4.52- = intermediate product HS-  +   S3.52-   ↔   H.S4.5-  
 
The experimentally measured equilibrium of S80 and S4.52-, from the artificially prepared HS- and 
S0 mixtures, and the 2 samples from the CSTR-BSR units (Figure 5.5.1a) are shown in Figure 
5.5.2.b to I below. 
 
73Figure 5.5.2b: S0 added at 0.17 g/l 
 
74Figure 5.5.2c: S0 added at 0.35 g/l 
 
75Figure 5.5.2d: S0 added at 0.48 g/l 
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77Figure 5.5.2h: CSRT BSR S0 = 0.135 g/l 
 
 
78Figure 5.5.2e: S0 added at 0.68 g/l 
 
  
79Figure 5.5.2g: S0 added at 1.34 g/l 
80Figure 5.5.2i: CSRT BSR S0 = 1.1 g/l
 
From the equilibrium plots of S80:S4.52-, it can be concluded by interpolation that the value of pKSn 
is +/- 7.5. Hence, for the present study, the pKSn was taken to be 7.5. This is different to the pKSn 
by Kleinjan et al. (2005) who determined the pKn values for polysulfide of an average chain 
length n of 4.91 to be approximately 8.82. However, for the results of the present study to adhere 
to previous studies, the pKSn value was set at the measured value of 7.5.  
 
5.5.2. Gujer Matrix for biological, gas transfer and precipitation processes  
The Gujer Matrix describing the biological, gas-liquid mass transfer and precipitation-dissolution 
processes of the CSTR-BSR and GL-BSR integrated systems consisting of 23 (rows, j) 
processes and 32 components (column, i), and the stoichiometric coefficients in terms of the 
parameterised biomass yield coefficient (Ys), are given in the cells at the intersections of the 
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based on, i) the specific microorganisms active groups, ii) the gas mass transfer functions, and 
iii) the death regeneration of the different biomass groups, viz.: 
 
• Table 5.6.1.a: SRB activity in both experimental systems (processes j1 to j5); 
• Table 5.6.1.b: Gas mass transfer for both experimental systems (processes j6 to j7); 
• Figure 5.6.1.c: H2S reactive absorption and Fe2+ bio-oxidation processes for the GL-BSR 
integrated system (processes j8 to j10); 
• Table 5.6.1.d: Sulfide and elemental sulfur oxidation reactions and forward and reverse 
S0 and polyS reactions in the CSTR system (processes j11 to j14); 
• Table 5.6.1.e (Part 2): Death Regeneration Approach based on Ikumi et al. (2011) 
(processes j15to j23). 
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81Figure 5.5.2.a: BSR reactions of VFAs for the CSTR and GL-BSR integrated systems 
Components (i)   → 1 2 3 4 5 6 





Uptake of Valerate by 
Va_SRBs -1   (0.72492-1.019*Y_Va) (0.5805-0.809*Y_Va) -(0.511-0.71*Y_Va) -0.2476*Y_Va 
2 Uptake of Butyrate by Bu_SRBs   -1   (1.3843-2.162*Y_Bu) -(0.5545-0.852*Y_Bu) -0.216*Y_Bu 
3 Uptake of Propionate by pro_SRBs     -1 (0.8045-0.523*Y_pr) -(1.0083-0.931*Y_pr) -0.1066*Y_Pr 
4 Uptake of Acetate by Ac_SRBs       -1 -(1.5378-0.847*Y_Ac) -0.182*Y_Ac 
5 Hydrogenotrophic SRBs         -11.805 -0.151*Y_H2 
Components (i)   → 7 8 9 14 15 17 





Uptake of Valerate by 
Va_SRBs -0.068*Y_Va   (0.1704-0.105*Y_Va)   (0.00503-0.0212*Y_Va) 0.789*Y_Va 
2 Uptake of Butyrate by Bu_SRBs -0.046*Y_Bu -(0.034575-0.108*Y_Bu) (0.1913-0.303*Y_Bu)   (0.007195-0.06*Y_Bu) 0.65*Y_Bu 
3 Uptake of Propionate by pro_SRBs -0.0235*Y_Pr (0.832-0.55*Y_Pr) (0.33805-0.156*Y_Pr)   (0.0027-0.0022*Y_Pr) 0.332*Y_Pr 
4 Uptake of Acetate by Ac_SRBs -0.036*Y_Ac (1.9555-1.086*Y_Ac) (0.5288-0.2949*Y_Ac)   -(0.00099-0.00005*Y_Pr) 0.5475*Y_Ac 
5 Hydrogenotrophic SRBs -0.0521*Y_H2 -2.654*Y_H2 4.0605 -1 -0.126 8.959 
Components (i)   → 19 20 21 22 26   





Uptake of Valerate by 
Va_SRBs 1.6*Y_Va           
2 Uptake of Butyrate by Bu_SRBs   1.3735*Y_Bu         
3 Uptake of Propionate by pro_SRBs     0.694*Y_Pr       
4 Uptake of Acetate by Ac_SRBs       1.087*Y_Ac     
5 Hydrogenotrophic SRBs         Y_H2   
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82Figure 5.5.2.b: H2S and CO2 liquid-gas mass transfer (N2 or CO2 carrier gas) 
Components (i)   → 8 9 15 17 31 32 
Processes (j)   ↓ S_HCO3 S_HS S_H H2O G_H2S G_CO2 
6 
H2S and CO2 Liquid-Gas Mass 
Transfer  
N2 or CO2 stripping gas_H2S aq. to the gas 
phase   -1 -0.0303   1.03030   
7 N2 or CO2 stripping gas_CO2 aq. to the gas phase -1   -0.0164 0.29508   0.72131 
 
83Figure 5.5.2.c: H2S stabilisation units of GL-BSR BSR integrated system: H2S reactive absorption and ferrous bio-oxidation units 
Components (i)   → 
6 8 9 10 11 13 
Processes (j)   ↓ S_NH S_HCO3 S_HS S_Fe3 S_Fe2 S_O 
8 H2S Reactive 
Absorption  
Reactive Absorption of H2S to produce S80 (in Fe3+ to 
Fe2+)     -0.29464 -1 1   
9 Precipitation of FeCO3   -1.08957    -1   
10 Fe2+ Bio-oxidation Unit  Fe2+  Oxidation to Fe3+ by X_ bFe2 - 0.1463*Y_Fe2 -0.03303   1 -1 - (1-9.561*Y_Fe2)/7 
Components (i)   → 
15 17 18 25 30   





Reactive Absorption of H2S to produce S80 (in Fe3+ to 
Fe2+) 0.00893   0.28571       
9 Precipitation of FeCO3 
0.01800       2.0716   
10 Fe2+ Bio-oxidation Unit  Fe2+  Oxidation to Fe3+ by X_ bFe2 
-0.01869 (1   +   1.844*Y_Fe2)/6.222   Y_Fe2     
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84Figure 5.5.2.d: CSTR-BSR system limited oxygenation: activities of sulfide and sulfur oxidation bacteria 
Components (i)   → 6 7 8 9 12 
Processes (j)   ↓ S_NH S_HPO4 S_HCO3 S_HS S_H.Sn 
11 HS oxidation Sulfide Oxidisation to S8
0 by 
SOBs -0.1573*Y_SOB -0.033*Y_SOB -2.657*Y_SOB -1   
13 
S0 oxidation and S80/PolyS 
equilibrium  
The forward reaction of 
X_S0 to S_polyS       -0.29464 1.29464 
14 The reverse reaction of X_S0 to S_polyS       0.22759 -1 
Components (i)   → 13 15 16 18 23 
Processes (j)   ↓ S_O S_H S_OH X_S0 X_SOB 






3.381*Y_SOB) (1.2609-1.455*Y_SOB) Y_SOB 
13 
S0 oxidation and S80/PolyS 
equilibrium  
The forward reaction of 
X_S0 to S_polyS       -1   
14 The reverse reaction of X_S0 to S_polyS       0.77241   
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85Figure 5.5.2.e: Death regeneration approach: decay, the disintegration of biomass to BPO and summarised hydrolysis and fermentation 
processes 
Components → 4 6 7 8 15 17 





Decay and Disintegration of X_bVa             
16 Decay and Disintegration of X_bBu             
17 Decay and Disintegration of X_bpro             
18 Decay and Disintegration of X_bAc             
19 Decay and Disintegration of X_bH2             
20 Decay and Disintegration of X_SOB             
21 Decay and Disintegration of X_bS0             
22 Decay and Disintegration of X_bFe2             
23 Hydrolysis and fermentation of BPO (1.28-0.5*Y_AD) 0.16-0.2*Y_AD (0.038-0.1*Y_AD) (0.001-1.1*Y_AD) (0.01555-0.075*Y_AD) -0.4435-0.6*Y_AD 
Components → 19 20 21 22 23 24 





Decay and Disintegration of X_bVa -1           
16 Decay and Disintegration of X_bBu   -1         
17 Decay and Disintegration of X_bpro     -1       
18 Decay and Disintegration of X_bAc       -1     
19 Decay and Disintegration of X_bH2             
20 Decay and Disintegration of X_SOB         -1   
21 Decay and Disintegration of X_bS0           -1 
22 Decay and Disintegration of X_bFe2             
23 Hydrolysis and fermentation of BPO             
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86Figure 5.5.2.e (cont’d): Death regeneration approach: decay, the disintegration of biomass to BPO and summarised hydrolysis and fermentation 
processes 
Components → 25 26 27 28 29 
  





Decay and Disintegration of X_bVa     (1-f_UPO) f_UPO   
16 Decay and Disintegration of X_bBu     (1-f_UPO) f_UPO   
17 Decay and Disintegration of X_bpro     (1-f_UPO) f_UPO   
18 Decay and Disintegration of X_bAc     (1-f_UPO) f_UPO   
19 Decay and Disintegration of X_bH2   -1 (1-f_UPO) f_UPO   
20 Decay and Disintegration of X_SOB     (1-f_UPO) f_UPO   
21 Decay and Disintegration of X_bS0     (1-f_UPO) f_UPO   
22 Decay and Disintegration of X_bFe2 -1   (1-f_UPO) f_UPO   
23 Hydrolysis and fermentation of BPO     -1.00   Y_AD 
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5.6. Conclusion 
In the current chapter, all the reaction stoichiometries required for the integrated GL-BSR and CSTR-
BSR systems were compiled to conform to the format of the Gujer Matrix. The individual reactions 
have been verified using the Hauduc et al. (2010) spreadsheet to 0.0%. The require mass and 
charge balances checks on the reaction stoichiometries in the Gujer Matrix was performed. The 
Gujer Matrix developed here is later implemented in the DHI WEST ® platform as a new integrated 
biological, chemical and physical process prototype model. The kinetic rates of the processes 
described in the current chapter are discussed in Chapter 6.  
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CHAPTER SIX: 
MODELLING THE GL-BSR INTEGRATED AND CSTR-BSR 
SYSTEMS. PART 2: THE REACTION KINETICS AND 
DETERMINING INHIBITION MATHEMATICAL EXPRESSION 
 
6.1. Introduction 
The aim of Chapter 6 is to find the best-fit substrate and sulfate utilisation rate equations and perform 
preliminary estimates of the kinetic parameters or implement literature values for each of the 23 
processes presented by the Gujer Matrix in Chapter 5, individually. The utilisation rates for these 
processes are determined using the datasets obtained from the experimental studies of the i) CSTR-
BSR system and ii) the GL-BSR integrated system. The experimental trial run with the fastest 
substrate and sulfate utilisation rate is selected as the run with no inhibition also known as the zero 
proxy. The conditions that occurred in the experimental study fulfil the requirements set for the 
Contois rate equations. These conditions are varying feed substrate mixture concentrations, e.g. 
organic feed ranging for 1250mgCOD/l to 10000mgCOD/l. These conditions result in varying 
biomass populations, which Contois et al. (1959) considered when determine the growth rate 
equations to describe these conditions in biological reactors.  
 
The rate equations of the zero proxy processes are selection, which is Contois rate equation for the 
SRB activities. The Contois rate equation is fitting to the experimental dataset of zero proxy trail run 
by using nonlinear least squares curve fitting methods, utilising Matlab® Curve Fitting Toolbox 
software. During this procedure preliminary estimations for the kinetic parameters that include the 
maximum substrate utilisation rate constant for specific substrate utilising, Km,SRB (g/l.d),  the Contois 
half-saturation constant, Kc,SRB (g/l); and the half-saturation constant for limiting SO42-, KSO4,SRB (g/l). 
The substrate utilisation rate equation is than used to determine the inhibition factor for each trail 
run, using the experimental dataset for the specific run and fitting the amended rate equations to the 
dataset. And, essential outcome from this study is the development of a prototype equation 
describing the influence of the total product and H2S product inhibition on the SRB activity of both 
the CSTR-BSR and GL-BSR systems. This procedure is repeated for SOB, bS0 and Leptospirillum 
ferriphilum sp activities within both systems. 
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However, as a first step, the experimental datasets both systems are evaluated for mass and charge 
balances to COD, S-based components and iron-based components.  
 
6.2. Mass and charge balance for experimental measurements 
Before that datasets are used in this chapter, a mass and charge balance is conducted for COD, 
sulfur-based components and the ion-based components over both the GL-BSR integrated system 
and the CSTR-BSR systems. This is an informative means of performing data reconciliation and 
investigating the fate of chemical elements within wastewater treatment process as well as the 
accurate mathematical modelling of these processes (Ekama et al., 2006; Hauduc et al., 2010). The 
measured data for the BSR systems are tested for continuity by performing COD mass balances 
over the systems. Table 6.2.a shows the COD mass balances for the CSTR-BSR system at feed 
COD concentrations of 1250, 2500, 5000, 7500 and 10000mgCOD/l and HRTs of 2.5, 5, 7.5, 10, 15 
and 30 days.  
 
42Table 6.2.a: COD mass balance of the CSTR-BSR system 
HRT 
(days) 
Influent COD conc.  
1250 2500 5000 7500 10000 
% % % % % 
2.5 129.7% 115.8% 107.2% 108.0% 106.0% 
5 97.74% 98.92% 97.52% 98.65% 98.01% 
7.5 107.46% 111.29% 99.29% 99.42% 99.34% 
10 119.17% 103.71% 98.59% 98.28% 96.00% 
15 107.76% 105.81% 99.43% 94.00% 92.31% 
30 124.39% 109.88% 102.04% 100.29% 96.80% 
 
The COD mass balance for the measured datasets from the experimental CSTR-BSR system is 
within 15% of the full mass and charge balance except for four occasions at the feed COD 
concentrations of 1250mgCOD/l (3 occasions) and 2500mgCOD/l (1 occasion). None of the COD 
balances for the 2500mgCOD/l feed COD concentration exceeded the 20% deviation range and 
only 2 exceeds the 20% range for the 1250mgCOD/l feed concentration. Based on the COD mass 
balances, it can be concluded that the measured datasets obtained for the CSTR-BSR system can 
be used in the prototype model validation of the SRB activities.  
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Subsequently, Table 6.2.b shows the COD mass balances for the GL-BSR system at 1250, 2500, 
5000, 7500 and 10000mgCOD/l COD feed concentrations and HRTs of 2.5, 5, 7.5, 10, 15 and 30 
days.  
43Table 6.2.b: COD mass balance of the GL-BSR system 
HRT (days) 
Influent COD conc.  
GL_N2_2500 GL_N2_5000 GL_CO2_2500 GL_CO2_5000 GL_CO2_10000 
% % % % % 
2.5 103.51% 100.95% 103.15% 102.2%  
5 98.02% 96.79% 99.59% 95.14% 113.24% 
7.5  95.84% 
 96.07% 101.94% 
10 93.62% 95.46% 96.72% 98.95% 104.04% 
15 97.45% 99.37% 97.13% 100.47% 86.38% 
30 105.59% 93.17% 114.33% 98.16%  
 
The COD mass balance for the measured datasets from the experimental GL-BSR system is within 
15% of full continuity of all the operating modes, i.e. COD concentrations, of the GL-BSR system. 
Based on the COD mass balances it can be concluded that the measured datasets obtained for the 
GL-BSR system are suitable for use in the prototype model validation of the SRB activities.  
 
Subsequently, the sulfur-component mass balance, i.e. including SO42-, H2S/HS-, S0/Sn2-, for the 
measured datasets from the experimental CSTR-BSR and GL-BSR systems are evaluated. This is 
done to provide an overall mass balance for the interconnected reaction stoichiometries mediated 
by the SRB, SOB and bS0 activities. Table 6.2.c shows the sulfur-component mass balances for the 
GL-BSR system at the operating modes (Stripping Gas_FeedCOD) of N2_2500, N2_5000, 
CO2_2500, CO2_5000 and CO2_10000 and at the HRTs of 2.5, 5, 7.5, 10, 15 and 30 days. In this 
Section, the datasets for HRTs of 2.5, 5, 10, 15 and 30 days will be used for calibration of the kinetic 
parameters to allow for the simulation of the prototype model using DHI WEST®. The experimental 
datasets for the 7.5 days HRT are used in Chapter 7 to allow for the rudimental validation of this 
prototype model for the purpose of verifying the reaction stoichiometries included in the model and 
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44Table 6.2.c: SO42- Mass balance of the CSTR-BSR system 
HRT 
(days)  
Influent COD conc.  
1250 2500 5000 7500 10000 
% % % % % 
2.5 99.5% 100.1% 100.0% 100.4% 97.9% 
5 103.42% 100.93% 100.72% 100.83% 100.72% 
7.5 104.33% 102.42% 101.70% 101.30% 100.89% 
10 103.12% 103.26% 103.65% 101.66% 102.42% 
15 107.06% 106.56% 102.64% 102.07% 103.65% 
30 114.00% 109.77% 107.10% 108.17% 106.26% 
 
The sulfur-component mass balances for the measured datasets from the experimental CSTR-BSR 
system are within 15% of full mass continuity. Based on the S-component mass balances it can be 
concluded that the measured datasets obtained for the CSTR-BSR system are suitable for use in 
the prototype model verifications and validation of the SRB, SOB and bS0 activities.  
Subsequently, the sulfur-component mass balance for the measured datasets from the experimental 
GL-BSR system is presented in Table 6.2.d. Hence, Table 6.2.d shows the sulfur-component mass 
balances for the GL-BSR system at the operating modes (Stripping Gas_FeedCOD) of N2_2500, 
N2_5000, CO2_2500, CO2_5000 and CO2_10000 and at the HRTs of 2.5, 5, 7.5, 10, 15 and 
30days.  
 
45Table 6.2.d: Sulfur-compound mass balance of the GL-BSR system 
HRT 
(days) 
Influent COD conc.  
GL_N2_2500 GL_N2_5000 GL_CO2_2500 GL_CO2_5000 GL_CO2_10000 
% % % % % 
2.5 96.25% 97.76% 95.61% 97.7%   
5 109.91% 110.25% 106.02% 104.3% 111.86% 
7.5   128.19%   99.8% 121.19% 
10 95.69% 97.74% 102.49% 101.9% 130.53% 
15 102.03% 77.47% 95.77% 100.6% 100.04% 
30 105.75% 98.17% 98.17% 98.6%   
 
The experimental GL-BSR system has an average sulfur-component mass balance within 10% of 
the mass continuity. However, mass continuity relative errors exceeding 20% were found for the 
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outliers 5000 N2 and 10000CO2 operating conditions. Being outliers, these are probably the result 
of measurement errors as they represented less then 16% of the results and the mean of all the 
relative errors in the results is 106% with a standard deviation of 6.07%. Based on the S-component 
mass balances it can be concluded that the measured datasets obtained for the GL-BSR system 
are suitable for use in the prototype model verifications and validation of the SRB, SOB and bS0 
activities.  
Lastly, the iron-component mass balance, which includes Fe3+, Fe2+ and other Fe-compounds, for 
the measured datasets from the experimental study of the integrated GL-BSR system is presented 
in Table 6.2.e. Hence, Table 6.2.e shows the iron-component mass balances for the integrated GL-
BSR system at the operating modes for the Fe2+ bio-oxidation unit fed ferrous aqueous solutions at 
concentrations of 5000, 10000, 15000, 20000 and 25000mgFe/l and at the HRTs of 0.5, 0.75, 1, 2.5, 
5 and 10days.  
 
46Table 6.6.3.e: Percentage iron (Fe) mass balance over the experimental Fe2+ bio-oxidation 
reactor 
HRT (days) 
Total Iron Concentration  
5 10 15 20 25 
0,5 101,9% 101,1% 101,6% 99,5% 100,4% 
0,75 100,8% 98,5% 100,4% 98,9% 99,7% 
1 99,1% 101,4% 98,9% 100,8% 100,1% 
2,5 101,2% 99,6% 98,4% 100,1% 100,5% 
5 98,5% 97,8% 99,4% 100,3% 99,8% 
10 96,8% 99,6% 100,5% 99,7% 99,5% 
 
The iron mass balanced over the system falls in the range 96.8–101.9%, which indicates good 
confidence in the measured iron species and is suitable for use in the modelling of the ferrous bio-
oxidation process.  
 
6.3. Rate equations of sulfate-reducing bacteria (SRB) mediated 
reactions  
The first processes for which the reaction rate equations are determined in the current section are 
those mediated by sulfate-reducing bacteria (SRB). These processes occur in both the GL-BSR 
integrated and CSTR-BSR systems. The first 4 of these reactions are those utilising the volatile 
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organic acids, valerate (Va), butyrate (Bu-), propionate (Pr-) and acetate (Ac-), as carbon sources 
and electron donors. Sulfate is the terminal electron acceptor in each of these processes as 
described in Section 5.2.1.1. As previously explained, these compounds are all supplied via the feed 
to these BSR systems, and Pr and Ac are produced as intermediate products from the disintegration 
of Bu and Va. The 5th reaction utilises inorganic carbon in the form of CO2 and hydrogen (H2) as the 
electron donor—as described in Section 5.2.3, where the H2 was produced from the biomass death 
regeneration processes. The processes for which the rate equations were determined are shown 
Table in 6.3.a below. 
 
47Table 6.3.a: SRB mediated processes 







Uptake of valerate  by Va_SRB 
2 Uptake of butyrate by Bu_SRB 
3 Uptake of propionate by Pro_SRB 
4 Uptake of acetate by Ac_SRB 
5 Hydrogenotrophic SRB 
 
The rate-limiting components considered in these BSR kinetic rate equations are the organic carbon 
components (Va, Bu, Pr, Ac), H2 and sulfate (SO42-). All other components participating in the 
reactions are present in the aqueous phase in excess, so they do not influence the reaction rates of 
the SRB mediated processes.  
 
6.3.1 Experimental datasets for COD and SO42- removals in the CSTR-BSR system 
The limiting components describing the reaction rates of SRB, as reported in several biological 
sulfate reduction studies presented in Section 2.8.2, are the COD and SO42- components. The COD 
measured the utilization of Ac, Pr, Bu and Va (as COD concentration). Tables 6.3.1.a and 6.3.1.b 
present a summary of the percentage COD and percentage SO42- removals experimental datasets 
at feed COD concentrations (Si) of 1250, 2500, 5000, 7500 and 10000 mgCOD/l and the various 
HRTs at which the CSTR-BSR system was operated.  
 
48Table 6.3.1.a: Percentage COD removal of the experimental CSTR-BSR system 
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CODf (mg/l) Hydraulic Retention Time (days) 
  2.5 5 7.5 10 15 30 
1250 25.2% 51.8% 68.0% 74.7% 78.8% 82.0% 
2500 18.0% 42.6% 57.7% 63.9% 74.6% 81.1% 
5000 14.7% 33.6% 46.8% 58.4% 68.8% 86.0% 
7500 10.8% 26.4% 37.9% 49.0% 65.0% 86.6% 




49Table 6.3.1.b: Percentage SO42- removal of the experimental CSTR-BSR system 
CODf  SO42-f  Hydraulic Retention Time (days) 
(mgCOD/l) (mg/l) 2.5 5 7.5 10 15 30 
1250 1786 24.2% 52.7% 68.4% 75.4% 79.0% 79.4% 
2500 3571 18.0% 41.8% 56.9% 65.2% 76.7% 78.5% 
5000 7143 12.5% 34.3% 47.8% 58.1% 68.9% 83.4% 
7500 10714 7.9% 28.0% 39.9% 50.3% 64.2% 83.9% 
10000 14286 6.1% 23.0% 32.6% 41.5% 58.4% 84.3% 
 
Figures 6.3.1.a and b give visual presentations of the results tabulated above.  
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87Figure: 6.3.1.a: CSTR-BSR % COD removal 
based in HRT and feed COD 
 
88Figure 6.3.1.b: CSTR-BSR % SO42- removal 
based in HRT and feed COD
These plots clearly show a general increase in % COD and % SO42- removals with increasing HRT. 
As the kinetic rates describe the utilization of the individual compounds that make up the COD, the 
overall COD utilisation should be subdivided into the compounds Ac, Pr, Bu, and Va. 
A summary of the experimental datasets of acetate, propionate, butyrate and valerate  utilisations in 
the CSTR-BSR system is shown in Tables 6.3.1.c, d, e and f below.  
 
50Table 6.3.1.c: Measured effluent butyric acid / butyrate (mgBu/l) 
 of the CSTR-BSR system 
HRT (days) 
Influent COD Concentration  
1250 2500 5000 7500 10000 
Butyrate Concentration (mgCOD/l)  
316.1 611.6 1275.8 1855.5 2575.3 
2.5 81.05 444.05 973.2 1780.06 1981.55 
5 49.74 282.1 918.36 1886.1 2099.46 
10 9.28 19.93 43.55 967.51 1085.19 
15 6.26 12.96 26.75 55.39 85.72 
30 3.6 7.18 14.09 27.51 42.95 
  

















































1250 2500 5000 7500 10000
Chapter Six                                                                       Reaction Kinetics and Inhibition Modelling 
 
214 | P a g e  
 
 
valerate (mgVa/l) of the CSTR-BSR system 
HRT (days) 
Influent COD Concentration  
1250 2500 5000 7500 10000 
Influent valerate concentration (mgCOD/l)  
185.4 332.2 783.3 1141.3 1567.6 
2.5 37.75 78.65 217.63 1110.04 1088.16 
5 26.2 54.19 146.76 757.37 731.01 
10 8.43 16.03 33.43 126.13 103.87 
15 5.96 11.23 22.6 73.75 56.15 
30 3.58 6.65 12.91 40.47 29.59 
 
Figures 6.3.1.c to f show visual presentations of the % Ac, Pr, Bu and Va (all as COD) utilization 
observed in the experimental CSTR-BSR system. 
 
 
89Figure6.3.1.c: % Butyrate Removal 
 
 
90Figure 6.3.1.d: % Valerate Removal 
Figures 6.3.1.c and d show the % COD utilisations of butyrate and valerate. These compounds are 
utilised almost completely for all HRTs exceeding 2.5 days. This was to be expected as these 
compounds make up the smallest fraction of the feed mixture and no intermediate production of 
these components is described in literature. Likewise, no intermediate production of these 
components is reflected in the observations of the experimental studies of the CSTR-BSR system. 
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expression that best describes the reaction rates of the Bu and Va utilisation rates, and 2) enable 
parameter estimation to calibrate the selected kinetic equations.  
 
6.3.2. GL-BSR integrated system experimental datasets for COD and SO42- removals 
As for the CSTR BSR system, the datasets generated from the experimental integrated Gas lift BSR 
system are required to, 1) determine the appropriate kinetic rate equation that best fits the 
experimental data, and 2) do parameter estimation to determine the kinetic constants in the selected 
kinetic equations. Table 6.3.2.a shows the experimental data for the % total COD utilisation for 3 
operating modes of the GL-BSR unit, i.e. i) as a CSTR BSR unit (without gas sparging), ii) as a GL-
BSR unit with N2 gas stripping, and iii) as a gas-lift BSR unit with CO2 gas stripping. During these 3 
modes of operation, the total feed COD was set at 2500 and 5000 mgCOD/l, and set at an additional 
feed COD concentration of 10000 mgCOD/l for the CO2; the HRTs were set at 2.5, 5.0, 7.5, 10, 15 
and 30 days. The % COD and SO42- removal results are shown in Tables 6.3.2.a and b, and the 
plots of these tables are shown in Figures 6.6.2.a and b below. 
 
52Table 6.3.2.a: Percentage COD removal of the experimental GL-BSR system 
HRT  CODf or Si 
(days) 2500_None 5000_None 2500_N2 5000_N2 2500_CO2 5000_CO2 10000_CO2 
2.5 24.8% 14.4% 48.3% 32.0% 46.4% 28.9%   
5 46.2% 35.5% 72.6% 58.7% 71.0% 56.0% 33.1% 
10 67.6% 60.2% 84.5% 74.7% 86.5% 75.7% 61.9% 
15 77.1% 71.7% 87.9% 87.7% 89.9% 85.8% 73.5% 
30 83.3% 85.3% 90.9% 95.9% 92.6% 93.3%   
 
53Table 6.3.2.b: Percentage SO42- removal of the experimental GL-BSR system 
HRT  CODf or Si 
(days) 2500_None 5000_None 2500_N2 5000_N2 2500_CO2 5000_CO2 10000_CO2 
2.5 23.1% 12.5% 49.4% 34.3% 49.0% 31.8%  
5 44.8% 33.0% 75.9% 58.3% 73.3% 55.6% 35.3% 
10 66.9% 59.1% 84.6% 75.2% 86.2% 75.5% 62.2% 
15 76.9% 71.5% 88.0% 87.7% 90.1% 86.0% 73.8% 
30 83.6% 85.7% 90.5% 95.8% 92.9% 93.2%  
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91Figure 6.3.2.a: GL-BSR % Total COD 
removal based in HRT and feed COD 
 
92Figure 6.3.2.b: GL-BSR % SO42- removal 
based in HRT and feed COD concetrations 
 
It can be concluded from Figures 6.3.2.a and b for the % COD and % SO42- utilisation plots that the 
gas stripped operating modes, e.g. stripping with CO2 and N2 gases individually, promoted both COD 
and SO42- utilisations over those of the Gas-lift BSR operated like a CSTR-BSR system (thus, without 
gas stripping). It is also observed that the lower COD feed concentrations showed higher % COD 
and % SO42- utilisations for all HRTs lower than 15 days. Thus, the gas stripping operating mode 
generally promotes COD and SO42- utilisations within the GL-BSR system. This is described in more 
detail in the current chapter under the topics of substrate and product inhibitions. 
 
The total COD measurements shown above were further subdivided into their make-up VFA 
components, i.e. the valerate  and butyrate components. Although the total COD concentration of 
the feed is made up of four VFA components, i.e.  acetate (Ac), propionate (Pr), butyrate (Bu) and 
valerate  (Va), only the experimental measurements of the Bu and Va COD components were used 
to do parameter estimations. This is due to these measurements providing a direct relationship 
between effluent component concentration and mass utilised. The effluent Ac and Pr concentrations 
measured during the experimental study are the combinations of the originally fed Ac and Pr and 
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So, the measured butyrate and valerate, influent and effluent concentration datasets from the 
GL_BSR systems, under CO2 and N2 stripping gas conditions are summarised in Tables 6.3.2.c and 
d. The individual Bu and Va components were varied, at the total organic COD feed concentrations 
of 2500 and 5000 mgCOD/l for both the N2 and CO2 sparged systems, and at 10000mgCOD/l for 
the CO2 sparged system. The HRTs were varied at 2.5, 5.0, 7.5, 10, 15 and 30 days. The results of 
% butyrate removal are shown in Table 6.3.2.c below. Figure 6.3.2.c and d show the plots of the % 
butyrate removal. 
 
54Table 6.3.2.c: Percentage butyric acid / butyrate (mgBu/l) removal of  
the BSR GLN2 & GLCO2 system 
HRT 
(days) 











S_Bu_e S_Bu_e S_Bu_e S_Bu_e S_Bu_e 
394.6 789.3 394.6 789.3 1578.6 
2.5 62.62% 23.19% 46.94% 2.24%   
5 68.28% 25.47% 31.29% 58.98% 8.98% 
10 84.94% 74.43% 70.57% 93.17% 22.08% 
15 88.23% 81.53% 67.83% 92.92% 32.51% 
30 90.78% 95.14% 92.86% 96.08%   
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The GL BSR system operated under both CO2 and N2 sparging shows good removal efficiencies for 
the butyrate component of the feed COD, at both 2500 and 5000mgCOD/l. The total substrate feed 
concentration of 10000mgCOD/l requires long HRTs to allow for the utilisation of the Bu component 
within the BSR environment.    
The experimental datasets of the measurements and the plots of the percentage valerate  utilisation 
during the N2 and then the CO2 gas operating modes of the GL-BSR systems are shown in Table 
6.3.2.d and Figures 6.3.2.e and f.   
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55Table 6.3.2.d: Percentage valeric acid / valerate  (mgBu/l) removal  
of the BSR GLN2 & GLCO2 system 
HRT 
(days) 












206.1 412.1 206.1 412.1 824.3 
2.5 67.57% 31.82% 71.85% 64.05%   
5 78.90% 84.29% 68.07% 57.79% 6.57% 
10 89.85% 85.77% 92.52% 84.24% 64.30% 
15 93.12% 86.99% 90.44% 85.29% 81.05% 
30 95.11% 96.26% 94.15% 96.34%   
 
  
95Figure 6.3.2.e: % Va Removal_GLN2 
 
 
96Figure 6.3.2.f: % Va Removal_GLCO2 
 
As was the case for the butyrate substrate, the GL BSR system operated under both CO2 and N2 
spargings shows good removal efficiencies for valerate feed at a total COD substrate feed 
concentration of 5000mgCOD/l. At the total substrate feed concentration of 10000mgCOD/l, the GL 













































GLCO2 2500 GLCO2 5000 GLCO2 10000
Chapter Six                                                                       Reaction Kinetics and Inhibition Modelling 
 
220 | P a g e  
 
 
The datasets presented here for both the CSTR and GL BSR systems will be used in Section 6.3.3 
to determine and estimate the utilisation rate equations and corresponding kinetic parameters for 
the overall organic COD substrate utilisation rates and utilisation rates of the components butyrate 
and valerate. This work will continue to determine the substrate and H2S product inhibition factors 
of the data obtained from this experimental study. This will be done by firstly obtaining the rate 
equations and estimated the kinetic parameters for the zero-proxy scenario. Then extending the 
utilisation rate equation with an inhibition factors. The inhibition factor for each of the trail runs is 
determined using nonlinear least squares method (NLS), fitting the extended rate equation to the 
individual trail dataset.  
 
6.3.3. Relating the experimental CSTR-BSR system and stirred GL-BSR unit  
The objective of this comparison, under similar feed concentrations, HRTs and operational 
conditions, is to determine whether or not a difference in reactor size has an impact on the COD 
removal capacity of the two systems. The CSTR BSR reactor had a 5-litre operating volume unit, 
while the Gas-lift BSR unit had a 15-litre operating volume. Other than the difference in volume, the 
feed composition, HRTs and operational conditions of these reactors were the same. Figure 6.3.3.a 
and b show the effluent COD concentration (Se) results versus HRT at feed COD of 2500 and 
5000mgCOD/l.  
 
97Figure 6.3.3.a: Compare CSTR and Gaslift 
COD @ CODf = 2.5 gCOD/l 
98Figure 6.3.3.b: Compare CSTR and Gaslift 












































Chapter Six                             Reaction Kinetics and Inhibition Modelling 
 
221 | P a g e  
 
It can be concluded, from the effluent COD (Se) measurements, that under the same conditions the 
COD removal efficiencies of both systems are similar. Furthermore, it can be said that based on the 
COD removal, the CSTR-BSR and GL-BSR systems, operated under similar conditions, performed 
similarly.  
Lastly, from the evaluation of the comparison of the CSTR and GL systems, it can be concluded that 
the performance of the CSTR-BSR system can be compared directly with the GL-BSR unit operated 
under CO2 and N2 gas stripping modes. This provides a direct correlation of the influences of the 
gas stripping in the GL-BSR system, and also a direct correlation of the CSTR-BSR system to 
determine the impact of the operating modes on the removal efficiencies, where the HRT and feed 
COD concentrations are the same.  
 
6.4. Estimation of the rate equation and the associated kinetic 
parameters for total COD and specific substrate components 
The procedure for the estimation of the best suited kinetic rate equations is explained in the present 
section. This is followed by parameter estimation to determine the kinetic constants in the selected 
rate equations. For this, the effluent COD concentration (Se) and the individual effluent VFAs 
concentrations (gCOD/l) are used as the state variables to define the volumetric substrate utilisation 
rate (rs) or 𝑑𝑑𝜇𝜇𝑑𝑑𝜇𝜇. The volumetric substrate utilisation rates are transformed to determine the specific 
substrate utilisation rates, i.e. 𝜇𝜇𝐴𝐴
𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆




Initially, the Monod rate equation for specific substrate utilisation was considered as shown in 






�           (E2.8.2h) 
 
This approach was adopted from the work of Ikumi et al. (2011), which applied the non-linear least-
squares method to fit the Monod equation to experimental datasets as presented in Figure 2.8.2C 
below. 
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99Figure 2.8.2C: Graphical approximation of the Monod plot with the application of non-linear least-
squares analysis from Ikumi at el. (2011). 
 
However, literature circumscribes the use of Monod kinetics to cases where a single feed 
concentration is maintained with variation of dilution rate (D) or hydraulic retention time (HRT), as 
was the case in Ikumi et al. (2011). Literature recommends the use of the Contois kinetic equation 
to describe this case study where the biomass population density is influenced by substrate 
concentration (Chen and Hashimoto, 1980). The substrate utilisation rate can be described by the 
rearranged form of the Contois growth equation 2.8.2.f given in Section 2.8.2., i.e. μ = μmaxS
KcX+S
. The 
mathematical expressions to transform the growth equation are 1) 𝐴𝐴𝜇𝜇 =
𝜇𝜇𝑚𝑚𝑎𝑎𝑥𝑥
𝑌𝑌
, 2) 𝑌𝑌 =
�𝑑𝑑𝐿𝐿𝑑𝑑𝐶𝐶 �
�𝑑𝑑𝑆𝑆𝑑𝑑𝐶𝐶�
 and 3) 𝑑𝑑𝐿𝐿
𝑑𝑑𝜇𝜇
=
 𝜇𝜇𝑋𝑋 =  𝑌𝑌. 𝑑𝑑𝜇𝜇
𝑑𝑑𝜇𝜇
. Deriving the substrate utilisation rate for the Contois equation is given in equation E 







�  � 𝜇𝜇𝐴𝐴
𝐾𝐾𝑐𝑐𝐿𝐿𝑏𝑏+ 𝜇𝜇𝐴𝐴







 𝑋𝑋𝜇𝜇     (E6.4.a) 
 
Where Kc is Contois half-saturation constant (gCOD/l) (Vavilin et al., 1995). The use of the Contois 
rate equation, in various modified forms have been reported in various application, e.g. activated 
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sludge modelling (Bhattacharya and Khai, 1987; Ghaly et al, 2000), anaerobic digestion (Hu et al., 
2015), biological sulfate reduction (Moosa et al., 2002).  
To conform to the Contois equation, the non-linear least squares method is applied to fit the 
experimental datasets, i.e. 𝜇𝜇𝐴𝐴
𝐿𝐿𝑏𝑏
 , versus the specific substrate utilisation rate, ( 𝜇𝜇𝑠𝑠
𝐿𝐿𝑏𝑏
), as shown in 
Figure6.4.4a below. In the present research,  the aim is to determine a single set of kinetics 
constants in Contois rate equation that are valid under different, (1) reactor operating conditions, 2) 




100Figure 6.4.a: Graphical presentation of a best-fit curve using nonlinear least squares curve fitting 
 
As previously described, in Chapter 3, the state variables selected in the experimental studies of the 
CSTR and Gas-lift (GL) BSR systems are the feed COD (Si or CODf) and the hydraulic retention 
time (HRT). These are Si of 1.25, 2.5, 5.0, 7.5 and 10 gCOD/l, and HRTs of 2.5, 5, 7.5, 10, 15 and 
30 days. In addition, the Gas-lift (GL) reactor was operated under, 1) CO2, and 2) N2 stripping gas 
conditions. For simplification purpose, the feed COD concentrations and HRTs of the different 
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Type Operation Mode 
Feed COD 
(mgCOD/l) 
GL_N2_2500 Gas-lift N2 stripping gas 2500 
GL_N2_5000 Gas-lift N2 stripping gas 5000 
GL_N2_10000 Gas-lift N2 stripping gas 10000 
GL_CO2_2500 Gas-lift CO2 stripping gas 2500 
GL_CO2_5000 Gas-lift CO2 stripping gas 5000 
GL_CO2_10000 Gas-lift CO2 stripping gas 10000 
CSTR_1250 CSTR CSTR 1250 
CSTR_2500 CSTR CSTR 2500 
CSTR_5000 CSTR CSTR 5000 
CSTR_7500 CSTR CSTR 7500 
CSTR_10000 CSTR CSTR 10000 
 
6.4.1. Determine the volumetric and specific substrate utilisation rates 
The experimental datasets for the BSR processes transformed to 𝜇𝜇𝐴𝐴
𝐿𝐿𝑏𝑏
 vs. specific substrate utilisation 
rate ( 𝜇𝜇𝑠𝑠
𝐿𝐿𝑏𝑏
), meets the requirements for use in the curve fitting methods to determine the kinetic 
constants of Contois rate equations, which will include the inhibition factors, to describe the SRB 
mediated reactions.  
 
The procedure is as follow:  
i. Firstly, determine the feed substrate COD (Si) and effluent COD (Se). 
Tables 6.4.1.a and 6.4.2.a present the % COD removals recorded for the CSTR BSR and Gas-
lift BSR systems, respectively. Also, Appendix A2 presents the various datasets for the 
measurements taken from the CSTR and Gas-lift BSR systems. The Si and associated Se at 
different HRT and operating mode for the Gas-lift BSR unit can be calculated from the % COD 
removal listed in Tables 6.4.1.a and 6.4.2.a. The results from these calculations of Se at a 
selected S_Si and HRT are listed in Tables 6.4.1.a to d below; 
ii. Secondly, determine the concentration of substrate COD used (CODf), for each of the selected 
HRT and S_Si combinations with Equation E.6.4.1.a defined as: 
 
𝑆𝑆𝜇𝜇 =  (𝑆𝑆𝑖𝑖 − 𝑆𝑆𝑀𝑀)         (E.6.4.1.a) 
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iii. Thirdly, determine the biomass concentration (Xb) for each case of substrate COD utilised, for 
each of the selected HRTs with Equation E.6.4.1.b defined as: 
 
𝑋𝑋𝜇𝜇 =  
𝑌𝑌𝑏𝑏∗𝜇𝜇𝑢𝑢
1+b𝑆𝑆𝑆𝑆𝑆𝑆∗HRT∗(1−𝑌𝑌𝑏𝑏)
       (E.6.4.1.b) 
 
Where Yb is the biomass yield coefficient for each SRB species and bSRB the death or decay 
rate for each SRB biomass. The Yb and bSRB values of each Ac, Pr, Bu and Va utilising SRB 





57Table 6.4.1.a: Yield coefficients and decay rates for the SRB 
SRB type XVa Xbu Xpro Xac 
YSRB gCOD/gCOD 0.075 0.050 0.05 0.175 
bSRB d-1 0.015 0.015 0.020 0.020 
 
iv. Fourthly, determine the volumetric substrate utilisation rates (rs) for each case of CODf utilised, 
for each of the selected HRTs with Equation E.6.4.1.c defined as: 
 
𝑃𝑃𝑠𝑠 =  
𝜇𝜇𝑢𝑢
HRT
          (E.6.4.1.c) 
 




, for each of the Si and HRT 
combinations.  
 
Table 6.4.1.b (parts 1 and 2) presents the results of Se, Su, Xb, rs, Se/Xb and rs/Xb for the Gas-lift BSR 
unit for Si concentrations of 2.5 and 5.0 gCOD/l. 
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58Table 6.4.1.b: GL BSR_COD based volumetric and specific utilisation rates @Si=2.5g/l 
HRT 
GL_N2 2.5 
Se Su Xb rs Se/Xb rs/ Xb 
gCOD/l gCOD/l gCOD/l gCOD/l.d gCOD/gCOD 1/d 
2.5 1.241 1.259 0.070 0.504 17.7 7.2 
5.0 0.684 1.816 0.096 0.363 7.1 3.7 
7.5             
10.0 0.271 2.229 0.109 0.223 2.4 2.01 
15.0 0.232 2.268 0.103 0.151 2.2 1.42 
30.0 0.123 2.377 0.088 0.079 1.3 0.89 
HRT 
GL_CO2 2.5 
Se Su Xb rs Se/Xb rs/ Xb 
gCOD/l gCOD/l gCOD/l gCOD/l.d gCOD/gCOD 1/d 
2.5 1.339 1.161 0.064 0.464 20.83 7.2 
5.0 0.724 1.776 0.094 0.355 7.69 3.7 
7.5             
10.0 0.338 2.162 0.106 0.216 3.20 2.0 
15.0 0.252 2.248 0.102 0.150 2.48 1.4 
30.0 0.186 2.314 0.086 0.077 2.17 0.89 
HRT 
GL_Stirred 2.5 
Se Su Xb rs Se/Xb rs/ Xb 
gCOD/l gCOD/l gCOD/l gCOD/l.d gCOD/gCOD 1/d 
2.5 1.880 0.620 0.034 0.248 54.71 7.22 
5.0 1.345 1.155 0.061 0.231 21.96 3.77 
7.5             
10.0 0.810 1.690 0.082 0.169 9.82 2.04 
15.0 0.572 1.928 0.087 0.129 6.56 1.47 
30.0 0.419 2.081 0.077 0.069 5.43 0.89 
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59Table 6.4.1.b (cont’d): GL BSR_COD based volumetric and specific utilisation rates 
@S_Si = 5g/l 
GL_BSR_N2 
Se Su Xb rs Se/Xb rs/ Xb 
gCOD/l gCOD/l gCOD/l gCOD/l.d gCOD/gCOD 1/d 
3.399 1.601 0.089 0.640 38.32 7.22 
2.063 2.937 0.156 0.587 13.25 3.77 
1.613 3.387 0.172 0.452 9.37 2.62 
1.264 3.736 0.182 0.374 6.93 2.04 
0.615 4.385 0.198 0.292 3.10 1.47 
0.205 4.795 0.178 0.160 1.15 0.89 
GL_BSR_CO2 
Se Su Xb rs Se/Xb rs/ Xb 
gCOD/l gCOD/l gCOD/l gCOD/l.d gCOD/gCOD 1/d 
3.557 1.443 0.080 0.577 44.51 7.22 
2.202 2.798 0.148 0.560 14.85 3.77 
1.652 3.348 0.170 0.446 9.71 2.62 
1.215 3.785 0.185 0.379 6.58 2.04 
0.711 4.289 0.194 0.286 3.66 1.47 
0.335 4.665 0.173 0.155 1.94 0.89 
 
Table 6.4.1.c (Parts 1 and 2) presents the results of Se, Su, Xb, rs, Se/Xb and rs/Xb for the CSTR-BSR 
system for feed COD concentrations of 1.25, 2.5, 5.0, 7.5 and 10.0 gCOD/l.  
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60Table 6.4.1.c: CSTR_BSR COD based volumetric and specific utilisation rates 
HRT 
CSTR_BSR 1.25 
Se Su Xb rs Se/Xb rs/ Xb 
gCOD/l gCOD/l gCOD/l gCOD/l.d gCOD/gCOD 1/d 
2.5 0.225 1.025 0.038 0.034 5.92 0.89 
5.0 0.266 0.984 0.045 0.066 5.96 1.47 
7.5 0.316 0.934 0.046 0.093 6.93 2.04 
10.0 0.400 0.850 0.043 0.113 9.27 2.62 
15.0 0.603 0.647 0.034 0.129 17.58 3.77 
30.0 0.935 0.315 0.017 0.126 53.66 7.22 
HRT 
CSTR_BSR 2.5 
Se Su Xb rs Se/Xb rs/ Xb 
gCOD/l gCOD/l gCOD/l gCOD/l.d gCOD/gCOD 1/d 
2.5 0.471 2.029 0.075 0.068 6.27 0.89 
5.0 0.635 1.865 0.084 0.124 7.54 1.47 
7.5 0.902 1.598 0.078 0.160 11.56 2.04 
10.0 1.058 1.442 0.073 0.192 14.45 2.62 
15.0 1.436 1.064 0.056 0.213 25.47 3.77 
30.0 2.050 0.450 0.025 0.180 82.20 7.22 
HRT 
  CSTR_BSR   5.0 
Se Su Xb rs Se/Xb rs/ Xb 
gCOD/l gCOD/l gCOD/l gCOD/l.d gCOD/gCOD 1/d 
2.5 0.701 4.299 0.159 0.143 4.40 0.89 
5.0 1.562 3.438 0.155 0.229 10.05 1.47 
7.5 2.082 2.918 0.142 0.292 14.62 2.04 
10.0 2.661 2.339 0.119 0.312 22.38 2.62 
15.0 3.321 1.679 0.089 0.336 37.31 3.77 
30.0 4.265 0.735 0.041 0.294 104.77 7.22 
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61Table 6.4.1.c (cont’d): CSTR_BSR COD based volumetric and specific utilisation rates 
HRT 
(day) 
  CSTR_BSR   7.5 
Se Su Xb rs Se/Xb rs/ Xb 
gCOD/l gCOD/l gCOD/l gCOD/l.d gCOD/gCOD 1/d 
2.5 1.006 6.494 0.241 0.216 4.18 0.89 
5.0 2.629 4.871 0.220 0.325 11.93 1.47 
7.5 3.825 3.675 0.179 0.368 21.33 2.04 
10.0 4.658 2.842 0.144 0.379 32.25 2.62 
15.0 5.520 1.980 0.105 0.396 52.61 3.77 
30.0 6.694 0.806 0.045 0.323 149.83 7.22 
HRT   CSTR_BSR   10.0     
 (day) Se Su Xb rs Se/Xb rs/ Xb 
  gCOD/l gCOD/l gCOD/l gCOD/l.d gCOD/gCOD 1/d 
2.5 1.353 8.647 0.320 0.288 4.22 0.89 
5.0 4.074 5.926 0.268 0.395 15.20 1.47 
7.5 5.833 4.167 0.203 0.417 28.69 2.04 
10.0 6.807 3.193 0.162 0.426 41.95 2.62 
15.0 7.847 2.153 0.114 0.431 68.78 3.77 
30.0 9.216 0.784 0.043 0.314 212.20 7.22 
 





each of the S_Si and HRT combinations, the experimental data plots required for kinetic rate 





S_Si of 2.5 and 5gCOD/l for the Gas-lift BSR unit. 
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101Figure 6.4.1.a: Specific Substrate 
Utilisation @ S_Si =2.5g/ℓ 
 
102Figure 6.4.1.b: Specific Substrate 
Utilisation @ S_Si = 5.0g/ℓ 
 
The specific utilisation rates for the Gas-lift BSR unit operated at N2 gas stripping mode were the 
fastest irrespective of the feed concentration. The specific utilisation rates with CO2 stripping was 
observed to be slightly slower than N2 stripping. Also, the Gas-lift BSR unit, operated as a mixed 
CSTR, yielded significantly slower substrate utilisation rates than under gas stripping conditions due 




 for Si of 1.25, 2.5, 5, 7.5 and 
10 gCOD/l for the CSTR BSR unit. Clearly, an increase in the feed COD concentration increases 
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103Figure 6.4.1.c: Spec. Substrate Utilisation 
 
6.4.2. Application of MATLAB® Curve Fitting Toolbox for kinetic equation fitting 
and parameters estimation 
This section presents the findings from the curve fitting non-linear least-squares methods, when 
usedto determine the best fitting kinetic rate equation and its kinetic parameters either using first-
order, Monod, Contois or Haldane rate equations, for each dataset from the different reactor 
conditions.The constants for the kinetic equations were also determined by parameter estimation for 
the selected rate equation. Historically, this was achieved using linearization methods like Inverse, 
Lineweaver-Burke and Eadie–Hofstee to simplify the parameter estimation of the non-linear datasets 
(see Section 2.8.2.5). However, these methods give greater weight to different parts of the rate 
equations resulting in large errors in the kinetic parameter estimation results. Also, more accurate 
non-linear regression methods like Taylor series, Non-linear least squares were computationally 
challenging when conducted by hand or with devices with limited computing power.  
In recent times, the development of high-powered processors enabled more general use of curve 
fitting software for parameter estimations and kinetic rate equations fitting. These software 
packages, e.g. Curve Expert Professional®, MATLAB ® Curve Fitting Toolbox, use non-linear 
regression methods like Taylor series and non-linear least squares regression methods to do curve 
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linear least-square regressions. Figure 6.4.2.a shows the interface page of this Matlab ® Curve 
fitting Toolbox  
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In the area on the interface of the Matlab® curve fitting toolbox marked A, the x and y-axis data 
vectors of the desired plot are selected after the experimental dataset has been loaded with a m-
file. In the area marked B, an already implemented equation is selected or a user-defined equation 
can be loaded. For the present research, the kinetic rate equations to be fitted were not pre-loaded 
so the custom equation function was used. The interface area marked C presents the results that 
include, i) the equation, ii) the parameter estimation for the kinetic constants, and iii) the goodness 
of fit statistical results. The fitted curve is evaluated for, a) the root mean squared error (RMSE), b) 
the error sum of squares (SSE), c) the regression sum of squares, R-squared, and d) the Adjusted 
R-squared. Area D presents a visual presentation of the data and the selected fitted curve.  
 
6.4.3. Parameter estimation for specific substrate utilisation rate equations 
In this section, the Contois rate equation, shown in Equation E6.4.3.a, is fitted to the dataset of the 
zero-proxy dataset, using NLS, to determine the fit goodness and estimated the preliminary kinetic 




















 are the specific effluent concentrations of COD and SO42-, respectively; Km,SRB 
the maximum substrate utilisation rate constant for specific substrate utilising SRB 
(gSubstrate/gSRB.d); Kc,SRB the Contois half-saturation constant (gSubstrate/l); KS,H2 the half-
saturation constant for H2 utilisation (gSubstrate/l) and; KSO4,SRB the half-saturation constant for 
limiting SO42- (gSulfate/l). This specific substrate utilisation rate equation is expressed in COD 
utilisation form (utilisation by SRB), but it includes a switching function for SO42- when its 
concentration is low.  
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105Fig. 6.4.3.a: Matlab Curve fitting for GL_N2 @ Si = 2.5g/l 
 
For instance, the results generated by the Matlab® Curve Fitting Toolbox for the GL-N2 at 2.5 
gCOD/l feed concentration are shown in Fig 6.4.3.a, viz.:  
i. The best-fit kinetic constants are Km,SRB = 12.39, Kc,SRB = 1.5 and Ks_SO4,SRB = 0.45; 
ii. The goodness of fit results is: 
a. R-Squared = 0.9645; 
b. Sum of squares due to error (SSE) = 0.147; 
c. Root mean squared error (RMSE) = 0.2711. 
 
The results obtained for all the different runs conducted in thie present study are presented in Table 
6.4.3.a below. 
 
6.5. Reaction rate inhibition: total, substrate and product  
The reaction rates of the SRB mediated reactions change under different operating conditions and 
feed substrate concentrations. In the literature review, in Section 2.8.2.6, it was reported that 
biological reactions can be subject to influences of product and substrate inhibition, physical 
conditions, such as pH, temperature, and competitive behaviour (for a common substrate) between 
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Batstone et al., 2001; Hansford et al., 2004). Under non-inhibitory conditions, the rate of biologically 
mediated reactions, fed the same substrate but at different concentrations, should ultimately be 
described by a single kinetic equation, e.g. Monod, Contois, using the same kinetic constants. The 
plots of the reaction rates versus the effluent substrate concentrations at a different feed 
concentration of the same feed mixture are shown in Figure 6.5.a. Furthermore, Figure 6.5.a also 
shows the Monod type trend curve that follows the trend of all the different feed concentrations.   
 
106Figure 6.5.a: A plot showing a scenario of no inhibition of a biological reaction described by a 
Monod kinetic equation. 
 
The trend curve (dotted line) shown in Figure 6.5.a is described by the Monod equation and shows 
how the plots of the different feed concentrations can be described by a single Monod curve. 
  
Alternatively, Hansford et al. (2004) reported that biological reactions, for operations that 
experience inhibition conditions, operate at slower reaction rates. This is shown in Figure 6.5.b 
below. 
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107Figure 6.5.b: Berg et al. (2012) showed a plot of the influences of inhibition on the reactor rates 
of biological reactions.  
 
Figure 6.5.b shows that less substrate was used at the same reaction rate for the case where the 
inhibition impacted the reaction rate.  
 
Figure 6.5.c merges all the specific substrate utilisation rates, from the experimental runs 
conducted in the present study, in such a way that all the rates can be compared irrespective of 
the operating mode or reactor type. This is possible as it was shown in Section 6.5.3 that the Gas-
lift and CSTR BSR systems performed similarly under the same conditions.  
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108Figure 6.5.c: Specific Substrate Utilisation rates the CSTR and Gas-lift BSR systems 
 
From the analysis of Figure. 6.5.c it is evident that the Gas-lift BSR system under N2 gas stripping 
conditions, for Si of 2500mgCOD/l, operated at the highest/fastest specific substrate utilisation rate 
of all the experimental runs of the present study. From this, a clear reduction in the specific 
utilisation rate is observed as Si increases and the operation mode changes from N2 stripping to 
CO2 stripping operation and to no stripping, which related to operation like a CSTR-BSR system.  
 
These reductions in the specific utilisation rate can be explained in terms of substrate and product 
inhibition. The gas-lift BSR unit under both N2 and CO2 stripping shows higher specific substrate 
utilisation rates than the CSTR BSR system. This higher rate can be related to the absence or very 
low concentrations of un-ionised H2S product in the gas-lift system, which is a known inhibitory 
product in SRB-mediated processes. It is thus reasonable to expect a reduction in the specific 
substrate utilisation rate associated with the presence of the un-ionised H2S product in the CSTR 
BSR system. This reduction is quantified below. Figure 6.5.c also shows that the specific substrate 
utilisation rate is lower at high feed substrate concentrations, which results in an increase in effluent 
substrate concentrations for the same reactor retention time. Hence, the inhibitory influences of 
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Other inhibitory factors like temperature and pH were also considered. All the experiments in the 
present research were done under controlled mesophilic conditions ranging between 35.5–36oC, 
so temperature corrections to the reaction rates were not required. The effect of reactor pH was 
included in terms of the weak acid-base speciation, specifically of the H2S product species present 
and its inhibitory effects, as prescribed in various studies (Moosa and Harrison, 2006). Literature 
values of the kinetic constants of acetate, hydrogen, propionate, butyrate and valerate using SRB 
are listed in Tables 6.5. a to e..   
 
62Table 6.5.a : Kinetic constants of acetate-using SRB from from Literature Review 
Citation 
  
Km,SRB_Ac Kc,SRB_Ac KSO42,SRB_Ac bSRB_Ac 
gCOD.gZ-1.d-1 g/l g/l d-1 
Ó'Flaherty 1998 18.60 0.188 0.208   
Ó'Flaherty 1998 30.00 1.563 0.417   
Ó'Flaherty 1998 8.60 1.875 0.469   
Ó'Flaherty 1998 1.60 0.219    
Robinson and Tiedje (1983) 7.69 0.078     
Rajkumar et al., (2009) 21.56 0.295  0.0185 
Rajkumar et al., (2009) 18.55 0.024   0.0275 
Hu et al.(2015) 2.56 0.885    
Kalyuzhnyi et al., (1998) 4.19 0.025 0.0193 0.0440 
Kalyuzhnyi et al., (2003) 12.57 0.220 0.0001 0.0150 
Moosa and Harrison (2006) 29.28 0.135   0.8640 
Paula and Foresti (2009) 0.17     
Omil et al.,(1998) 2.40       
Hao et al, (2014) 0.50 0.610 0.033 0.0050 
Lokshina (2001) 0.32 0.860     
Solon et al. (2017) 12.00 0.150 0.0044 0.02 
Assumption based in the Median 
Kinetic Constants 8.15 0.219 0.033 0.020 
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63Table 6.5.c : Kinetic constants of propionate-using SRB from the literature 
Citation Km,SRB_Pr Kc,SRB_Pr KSO42,SRB_Pr bSRB_Pr 
gCOD.gZ-1.d-1 g/g gS/l d-1  
Ó'Flaherty 1998 3.643 0.050 0.035   
Ó'Flaherty 1998 4.836 0.034 0.0238   
Kalyuzhnyi (1997) 9.667 0.015 0.22 0.035 
Scholten et al. (2000) 26.194       
Scholten et al. (2000)  25.375       
Kalyuzhnyi (2003) 8.815 0.110 0.0002 0.01 
Moosa et al. (2002) 2.241 0.071     
Solon et al. (2017) 13.000 0.100 0.0002   
Assumption based in the 
Median Kinetic Constants 9.241 0.061 0.024 0.023 
Range of Kinetic Constants 2.24-26.194 0.015-0.11 0.0002-0.22 0.01-0.035 
 
64Table 6.5.d : Kinetic constants of butyrate using SRB from the literature 
 
Citation Km,SRB_Bu Kc,SRB_Bu KSO42,SRB_Bu b,SRB_Bu 
gCOD.gX-1.d-1 g/g gS/l d-1 
Ó'Flaherty et al. (1998) 10.667       
Ó'Flaherty et al. (1998)         
Kalyuzhnyi (1997) 7.333 0.010 0.4000 0.035 
Kalyuzhnyi (2003)   0.100 0.0002 0.01 
Xu et al. (2013) 16.267 0.020   0.264 
Solon et al. (2017) 20.000 0.200 0.0075   
Assumption based in the Median 
Kinetic Constants 13.467 0.150 0.2038 0.250 
Range of Kinetic Constants 7.33-20 0.01-0.2 0.0002-0.4 0.01-0.264 
 
65Table 6.5.e : Kinetic constants of valerate-using SRB from the literature 
Citation Km,SRB_Va Kc,SRB_Va KSO42,SRB_Va bSRB_Va 
gCOD.gX-1.d-1 g/g gS/l d-1 
Al-Malack et al. (2006) 2.912 0.488 0.697143 0.035 
Al-Malack et al. (2006) 1.733 0.085 0.120833 0.01 
Hao et al. (2014) 1.581     0.264 
Solon et al. (2017) 20.0 0.2     
Assumption based in the Median 
Kinetic Constants 2.323 0.310 0.409 0.035 
Range of Kinetic Constants 1.5-20 0.085-0.488 0.12-0.697 0.01-0.264 
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66Table 6.5.b : Kinetic constants of hydrogen-using SRB from the literature 
Citation 
  
Km,SRB_H2 Kc,SRB_H2 KSO42,SRB_H2 b,SRB_H
2 
 gCOD.gZ-1.d-1  g/l  g/l d-1  
Van Houten et al. (1996)  0.002   
Ó'Flaherty et al. (1998)  0.0003 0.0005 0.001 
Sonne-Hansen et al. (1999) 9.56 0.00044 0.0096  
Espodito et al (2003) 10.40   
 
Ebrahimi et al. (2005) 19.10  0.0096  
Assumption based in the Median Kinetic 
Constants 10.40 0.00044 0.010 0.001 




6.5.1. Selection of a no inhibition (zero proxy) and determination the total 
inhibition factor.  
In the present study, the experimental trail runs with the fastest substrate  and sulfate utilisation 
rate were considered as least influenced by the product and H2S substrate inhibition. From Figure 
Figure 6.5.c, the trail run for with the highest substrate utilisation was that of the gas-lift system 
operated with N2 gas stripping and feed organic substrate at 2500mgCOD/l or GL_N2_2500 (from 
Table 6.5.4.a). The kinetic parameters estimated from this dataset are, using NLS, were Km,SRB = 
12.39, Kc,SRB = 1.5 and Ks_SO4 = 0.45. These kinetic parameters were estimated using Equation 














� 𝑓𝑓𝐼𝐼_𝑅𝑅  (E.6.5.1.a) 
 
Where in the case of the zero-proxy that value of ƒI_T = 1. To account for inhibition changes, the 
substrate utilisation rate is multiplied by a rate inhibition factor (ƒI_T). The smaller this factor the 
higher the inhibition, or the higher the total inhibition (IT), expressed by Equation E 6.5.1.b, the 
greater the inhibition.  
 
IT = (1 − 𝑓𝑓𝐼𝐼_𝑅𝑅)         (E6.5.1.b) 
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and for all the experimental runs, excluding the zero-proxy, the value of ƒI_T is less than 1.00 but 
not less than 0.00.  
 
6.5.2. Determination the total rate inhibition factor  
The inhibition factors for the trail runs are determine relative to the selected zero-proxy. This means 
inhibition factor for the other trail runs were estimated, again using NLS utilising the Matlab® Curve 
Fitting Toolbox, but this time fitting against the datasets for the other trial run. The utilisation rate 






















     (E.6.5.2.a) 
 
To estimate value of ƒI_T, the values of the kinetic parameters were fixed at Km,SRB = 12.39, Kc, SRB 
= 1.2 and Ks_SO4 = 0.45, the values of the zero-proxy. This is done because the feed mixture 
composition has not changed and as such the kinetic parameters should remain the same for all 
the BSR runs. The procedure used above was repeated for the results of the CSTR-BSR and GL 
BSR systems. The inhibition factor (ƒI_T) values estimated are listed in Table 6.5.2.a and plotted in 
Figure 6.5.2.a below. 
 
67Table 6.5.2.a: Reaction rates inhibition factors estimations, for the experimental runs 
CODf (Si)  
(gCOD/l) 
Se_COD_N2   
(gCOD/l) 
Se_COD_CO2     
(gCOD/l) 
COD_CSRT       
(gCOD/l) GL_N2 GL_CO2 CSTR 
1,25 0,312 0,312 0,608 1,072 1,005 0,618 
2,5 0,699 0,745 1,443 1.000 0,981 0,625 
5 2,048 2,283 3,381 0,705 0,705 0,466 
7,5 5,000 4,200 5,560 0,449 0,491 0,419 
10 6,450 6,682 8,129 0,385 0,383 0,389 
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109Figure 6.5.5.a : Inhibition Rate Factor vs. Effluent COD  
 
From Figure 6.5.2.a, it can be concluded that the GL-BSR system was less affected by inhibition 
than the CSTR system at low substrate concentrations. This can be attributed to the lower H2S 
product inhibition as H2S was stripped from the GL BSR system by the N2 or CO2 gas stripping 
applied to the system. However, at higher substrate concentrations some inhibition was observed 
and because this was not the influence of H2S product inhibition, it was believed to be substrate 
inhibition. This can be seen at higher substrate concentrations where the substrate utilisation rates 
of both gases stripped systems are similar.  
 
6.5.3. Inhibition factor curves shift  
Before determining the equations for the inhibition factor in terms of H2S and substrate 
concentrations using the Matlab® Curve fitting Toolbox for different systems, some considerations 
should to be made: 
i. The substrate inhibition rate factor for the GL-BSR systems should be defined in terms of the 
effluent substrate concentration (Se); 
ii. The inhibition factor for the GL-BSR systems decreases as Se increases, which increases the 
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The best-fit equation for inhibition function was found to be that described by Edwards (1970) for 
for kinetics of substrates at high concentrations. The best-fit for the plot of ƒI_T vs. Se for the GL-
BSR systems using the Matlab® Curve fitting Toolbox is given by Equation 6.5.3.a as: 
 
𝑓𝑓𝐼𝐼_𝑅𝑅_𝐴𝐴𝜇𝜇 = kMode ∗ exp �−
S𝐴𝐴
ki
�       (E6.5.3.a) 
 
Where ki = 5.769 and k_mode for all the operating modes are k_N2 = 1.118 and k_CO2 = 1.102. 
The accuracy of the fit to the datasets is 98.5% for GL_N2 and 99.2% for GL_CO2 as designated 
by the R-squared value. Equation 6.5.3.a is rearranged to determine the effluent substrate 
concentration (Se) for the inhibition factor ƒI_T = 0.005, which, in the present study, is assumed to 
cause a full inhibition (or IT = 99.5%). This is done for the results of Equation E 6.5.5.e for ƒI_T 
approaching zero, which is assumed to be full inhibition (or IT = 100%) as Se tends to ∞. Equation 
E 6.5.3.a presents Equation E 6.5.3.b in effluent COD substrate concentration (Se) terms.  
 
  S𝑀𝑀 = −ki ∗ ln �
𝜇𝜇𝐼𝐼_𝑇𝑇_𝐺𝐺𝐿𝐿
kMode
�        (E6.5.3.b) 
 
The results of Equations E 6.5.3.a and E6.5.3.b, for the Se value of 0.001, the Se observed in the 
GL-BSR systems and the highest possible effluent COD substrate concentrations at which ƒI_T = 
0.005 (assumed to be full inhibition), are presented in Table 6.5.3.a. 
 
68Table 6.5.3.a: Estimating the best-fit curve and parameters describing the rate inhibition 
factors (ƒI_T) of the GL_N2 and GL_CO2 modes 
CODf (Si)  
(gCOD/l) 
Se_COD_N2   
(gCOD/l) 
Se_COD_CO2     
(gCOD/l) (ƒI_T)  GL_N2 (ƒI_T)  GL_CO2 
 0,001 0,001 1,118 1,102 
1,25 0,312 0,312 1,059 1,044 
2,5 0,699 0,745 1,000 0,98 
5 2,048 2,283 0,71 0,71 
7,5 5,000 5,000 0,470 0,463 
10 6,450 6,682 0,42 0,38 
33,811 33,811 33,811 0,005 0,005 
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The estimated results are shown in red while the experimentally measured results are shown in 
black. The plot of these results is shown in Figure 6.5.3.a below. 
 
110Figure 6.5.3.a : Rate Inhibition Factor(ƒI_T) vs. Se 
 
Figure 6.5.3.a shows that the inhibition factor exceeds 1 making IT < 0. To ensure that the inhibition 
factor does not exceed 1, so that I_T >0, the data of the curves, shown in Fifure 6.5.3.a, are shifted 
vertically down as shown in Table 6.5.3.b and Figure 6.5.3.b. Only a vertical (y-coordinate) shift is 
applied to achieve the limits imposed by the inhibition function.  
 
69Table 6.5.3.b: Estimating the best-fit curve and parameters describing the rate inhibition 






(gCOD/l) GL_N2 GL_CO2 CSTR 
0.001 0.001   1.00 0.98   
0.312 0.312 0.618 0.95 0.93 0.50 
0.699 0.745 1.443 0.88 0.86 0.51 
2.048 2.283 3.381 0.59 0.59 0.35 
5.000 5.000 5.560 0.38 0.38 0.30 
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111Figure 6.5.3.b:ƒI_T vs. Se after y-coordinate curve shift 
 
After the application of the curve shift on all the rate inhibition factors (ƒI_T), new values were 
determined for all the ƒI_T points. This establishes a new zero-inhibition proxy ƒI_T value of 0.882 
for the GL_N2 mode but at an unknown Si, which is no longer a zero-inhibition proxy value.  
This change of ƒI_T value to 0.882 for GL_2500_N2 necessitated a revision of the kinetic 
parameters Km,SRB, Kc,SRB and Ks_SO4. Re-estimating the kinetic parameters Km,SRB, Kc,SRB and Ks_SO4 
was done with the Matlab ® Curve Fitting Toolbox regressing into Equation E6.5.5.b for the specific 




 of the GL_2500_N2 data listed in Table 6.5.4.c. The revised 
kinetic parameters determined were Km,SRB = 14.05, Kc,SRB = 1.2 and Ks_SO4 = 0.45. for GL_2500_N2 
with an R-squared value of 99.45%.  
 
70Table 6.5.3.c: Summary of the estimated kinetic constants 
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6.5.4. Determination of the COD substrate rate inhibition factor  
In this section, the goal is to mathematically prototype model the influence of substrate inhibition 
on SRB activity. This was derived as follow: Firstly, a literature review and inspection of Figure 
6.5.2.a confirmed that the main inhibition components on SRB activity in the present study are 
substrate inhibition by the VFA organic components and H2S product inhibition. These VFA organic 
components, measured as COD, are acetate, propionate and valerate  (the largest constituents of 
the feed substrate). These were observed to have an inhibitory effect on SRB activity, in the present 
study and in the literature reviewed in Sections 2.3.4. and 2.8.2.6. Also, in the GL_N2 and GL_CO2 
gas stripped reactors, H2S was stripped out of the BSR aqueous phase with the result that the SRB 
active biomass in these systems was only influenced by substrate inhibition and not by H2S product 
inhibition. The influence of COD substrate (acetate, propionate and butyrate individually) inhibition 
was therefore determined from the datasets of the GL BSR system.  
 
The kinetic parameters of the substrate utilisation rate inhibition equations for the different 
operating modes of the GL-BSR system are determined by applying Equation 6.5.3.a for the best-
fit of the revised ƒI_T vs. Se plot. The Matlab® Curve Fitting Toolbox was used to determine the rate 
of inhibition kinetic parameters, i.e. ki and k_mode. The value determined for ki was 4.815 and for 
k_mode, denoted k_N2 and k_CO2, the values were 1.00 and 0.9914, respectively. The accuracy 
of the fit to the datasets was R-squared 95.8% for GL_N2 and 99.2% for GL_CO2.  
 
After applying Equations E 6.5.5.e and E6.5.5.f with the determined kinetic parameters ki = 4.815, 
k_N2 = 1 and k_CO2 = 0.9914, the fI_T_GL inhibition factors were calculated for the Se values of 
0.001, 0.312 and 5 gCOD/l, and the final COD substrate effluent concentration at ƒI_T = 0.005, 
which was assumed to be full inhibition. The results are presented in Table 6.5.4.a. 
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71Table 6.5.4.a: Revised estimation of the parameters describing the rate inhibition factors 
(ƒI_T) of GL_N2 and GL_CO2 
COD_N2 (Se)  
(gCOD/l) 
COD_CO2 
(Se)  (gCOD/l) GL_N2 GL_CO2 
0,000 0,036 1,000 0,98 
0,291 0,328 0,941 0,926 
0,699 0,745 0,882 0,864 
2,048 2,283 0,587 0,587 
5,025 5,082 0,352 0,345 
6,450 6,682 0,306 0,265 
25,511 25,496 0,005 0,005 
 
Where the results presented in Table 6.5.4.a are shown in Figure 6.5.4.a below. 
 
112 Figure 6.5.4.a : Revised Rate Inhibition Factor(ƒI_T) vs. Se 
 
In the above figure, an assumption is made that no inhibition of SRB takes place in a BSR system 
when the effluent substrate (Se) is zero. Also, the SRB activity is increasingly substrate-inhibited 
(e.g.SRB operate at lower inhibited factor) with increase reactor (and effluent) Se concentration. 
However, these assumptions should be explored to determine their validity and as such it is 
recommended to conduct further studies, in future work, to determine the substrate inhibition 
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Furthermore, in the experimental GL BSR systems little to no sulfide product inhibition took place 
because most of the sulfide was stripped out of the systems. Hence, Figure 6.5.4.a represents the 
substrate inhibitions of the combined volatile fatty acids (VFAs) substrates contained in the 
aqueous phase of the BSR reactor.  
 
6.5.5. Determination of the H2S product inhibition equation for SRB activity  
The literature review in Sections 2.3.4. and 2.8.2.6. provided some insight into the inhibitions of 
un-ionised H2S and free and saline sulfide (FSS) on SRB activity. Figure 6.5.5.a shows the 
substrate utilisation rate plots for the GL and CSTR BSR systems for the same feed substrate 
concentrations of 2.5 and 5.0 gCOD/l.  
 
113Figure.6.5.5.a: Spec. Substrate Utilisation rates for CSTR and GL BSR systems 
(Si = 2.5 and 5.0 gCOD/l) 
 
These plots clearly show that the substrate utilisation rates for the GL system are faster than those 
of the CSTR system fed the same substrate concentration. The only real difference between the 
GL and CSTR systems is that sulfide was stripped out of the GL systems. This confirms the 
inhibition influence of sulfide on the SRB activity. This difference is also shown in the revised, i.e. 
curve shifted, rate inhibition factor plots for the GL_N2, GL_CO2 and CSTR BSR systems shown 
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114Figure 6.5.5.b : Comparison of the Rate Inhibition Factor for the CSTR and GL systems 
 
Figure 6.5.5.b shows the difference between the effect of substrate inhibition only in the GL_N2 
and GL_CO2 systems and the total inhibition by the substrate and sulfide combined in the CSTR 
systems. To isolate the sulfide inhibition, it was assumed that the influence of COD substrate 
inhibition on the CSTR and GL systems is the same and can be described by Equations E.6.5.3.a 
and b. This assumption was deemed reasonable because, 1) both systems were inoculated from 
the same SRB biomass source, and 2) both systems were fed with the same feed substrate mixture 
of 2.5, 5 and 10mgCOD/l concentrations. Hence, the influence of H2S product inhibition was 
estimated by adding a sulfide inhibition term to the total inhibition factor so that the total inhibition 
factor comprises terms for each substrate and sulfide inhibitions.  
 
The difficulty in estimating the equation describing the total inhibition in the CSTR BSR systems is 
the un-ionised H2S concentration that must be an input variable in the equation, which depends on 
the reactor pH. The reactor pH, in turn, depends on the kinetics of BSR, which creates complexity. 
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115Figure 6.5.5.c: relationship between Se to un-ionised H2Se for the CSTR BSR reactor 
 
The plot in Figure 6.5.5.c can be described by Equation E 6.5.5.a presented below with an R2 of 
99.11%. 
 
𝑆𝑆_𝐻𝐻2𝑆𝑆𝑀𝑀 =  �0,03116 ∗ 𝑆𝑆𝑀𝑀
0,2876�        (E6.5.5.a) 
 
This H2S inhibition equation is from Han and Levenspiel (1987) and uses a maximum product 
concentration value (Smax.) of 125mgS/ℓ reported by Maillacheruvu et al. (1993) for total inhibition 
by un-ionised H2S in a BSR system fed Acetate. Hence the best-fit curve describing the total rate 
inhibition of the CSTR-BSR system is given by equation E6.5.5.b as: 
 








4,815��    (E6.5.5.b) 
 
Where kI_mode = 0.2968 for the CSTR-BSR system and S_H2Smax = to 0.125gS/l as reported by 
Maillacheruvu et al. (1993). The R2 value is 71.8%. Equation E 6.5.5.b can be rewritten in its total 
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4,815��     (E6.5.5.c) 
 
Where kI_mode denotes kI_CSTR = 0.2968, kI_GL_CO2 = 0.9914 and kI_GL_N2 = 1 for all the different 
operating modes considered in the present study.  
 
From Equation E6.5.5.c, the results of the total inhibition factors are listed in Table 6.5.5.a and 
Figure 6.5.5.d below.  
 
72Table 6.5.5.a: Estimated total rate inhibition factors (ƒI_T) for the GL and CSTR systems 
CODf (Si) 
(gCOD/l) 
Se_COD_N2   
(gCOD/l) 
Se_COD_CO2     
(gCOD/l) 
COD_CSRT       
(gCOD/l) fI_T_GL_N2 fI_T_GL_CO2 fI_T_CSTR 
  0,00 0,04 0,005 1,00 0,98 0,34 
1,25 0,29 0,33 0,62 0,94 0,93 0,45 
2,50 0,70 0,74 1,44 0,86 0,85 0,46 
5,00 2,05 2,28 3,38 0,65 0,62 0,39 
7,50 5,02 5,08 5,56 0,35 0,35 0,30 
10,00 6,45 6,68 8,13 0,26 0,25 0,21 
25,51 25,51 25,50 25,50 0,01 0,00 0,01 
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Figure 6.5.5.d shows full inhibition at an effluent substrate of 25.51gCOD/l. An influent substrate 
of 25.51gCOD/l will, therefore, result in the failure of both the GL BSR and CSTR BSR systems 
due to inhibition. The substrate inhibition dominates H2S inhibition at high substrate feed 
concentrations, but at low substrate feed concentrations, the SRB activity is dominated by the H2S 
inhibition.  
 
6.5.6. Kinetics equations and parameter estimations of the reaction rates of the 
volatile fatty acids organics Bu and Va fed to the BSR systems   
The substrate utilisation rate equations and kinetic parameters for the individual volatile fatty acids 
(VFAs) butyrate (Bu) and valerate  (Va) are determined next. This is done using the measured 
datasets of the feed and effluent Bu and Va concentrations presented in Section 6.5.2. The 
utilisation rate kinetics and parameters of acetate (Ac) and propionate (Pr) components are 
estimated in the subsequent chapter using the DHI WEST ® software as previously stated.   
 
The steps applied to determine the total COD substrate utilisation kinetics are repeated in this 
section to determine the butyrate and valerate  utilisation rate kinetics, however, to limit complexity, 
the total inhibition factor is used as the inhibition factor for both the butyrate and valerate  
components.  
 
The procedure followed to determine the specific utilisation rate for butyrate and valerate  utilisation 
follows that used for total organic substrate utilisation rate as done in Section 6.3 including: 
i. Determination of the experimental utilisation for butyrate and valerate;  
ii. Calculation of the active mass of both butyrate and valerate utilisations where the  theoretical  
Yb and bSRB values are used as presented in Table 6.5.6.a below.  
 
73Table 6.5.6.a: The yield coefficients and decay rates for the SRB 
SRB type XVa XBu 
YSRB gCOD/gCOD 0.075 0.05 
bSRB d-1 0.015 0.02 
 




 for butyrate and valerate  
utilisations for the CSTR_BSR system as shown below in Tables 6.5.6.b and c.  
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74Table 6.5.6.b: The specific utilisation rate for butyrate of the CSTR-BSR system 
HRT 
1250 2500 5000 7500 10000 
Se/Xb rs/Xb  Se/Xb rs/Xb  Se/Xb rs/Xb  Se/Xb rs/Xb  Se/Xb rs/Xb  
gCOD/gCOD d-1 gCOD/gCOD d-1 gCOD/gCOD d-1 gCOD/gCOD d-1 gCOD/gCOD d-1 
2.5 8.48 9.85 43.41 9.85 88.49 9.85 19.92 9.85 72.01 9.85 
5.0 5.04 5.31 21.98 5.31 61.25 5.31 48.41 5.31 124.17 5.31 
10.0 0.96 3.03 1.05 3.03 1.10 3.03 31.47 3.03 24.58 3.03 
15.0 0.65 2.28 0.72 2.28 0.71 2.28 1.04 2.28 1.17 2.28 
30.0 0.51 1.52 0.66 1.52 0.53 1.52 0.74 1.52 0.74 1.52 
 
75Table 6.5.6.c: The specific utilisation rate for valerate  of the CSTR-BSR system 
HRT 
1250 2500 5000 7500 10000 
Se/Xb rs/Xb  Se/Xb rs/Xb  Se/Xb rs/Xb  Se/Xb rs/Xb  Se/Xb rs/Xb  
gCOD/gCOD d-1 gCOD/gCOD d-1 gCOD/gCOD d-1 gCOD/gCOD d-1 gCOD/gCOD d-1 
2.50 6.64 9.85 7.13 9.85 8.16 9.85 3014.52 9.85 45.38 9.85 
5.00 4.06 5.31 4.98 5.31 6.03 5.31 51.69 5.31 24.11 5.31 
10.00 1.51 3.03 1.58 3.03 1.21 3.03 3.85 3.03 2.22 3.03 
15.00 0.99 2.28 0.98 2.28 1.00 2.28 2.35 2.28 1.20 2.28 
30.00 1.11 1.52 1.35 1.52 1.05 1.52 1.63 1.52 0.93 1.52 
 




 for butyrate and valerate  
utilisations for the GL_BSR system as shown below in Tables 6.5.6.b and c; 
 
76Table 6.5.6.d: The specific utilisation rate for butyrate of the GL_BSR system 
HRT 
GLN2 GLCO2 
2500 5000 2500 5000 10000 
Se/Xb rs/Xb Se/Xb rs/Xb Se/Xb rs/Xb Se/Xb rs/Xb Se/Xb rs/Xb 
gCOD/gCOD d-1 gCOD/gCOD d-1 gCOD/gCOD d-1 gCOD/gCOD d-1 gCOD/gCOD d-1 
2.5 8.38 9.85 28.93 9.85 18.12 9.85 5.78 9.85   
5 6.89 5.31 19.10 5.31 27.01 5.31 7.05 5.31 309.89 5.31 
10 2.98 3.03 5.68 3.03 3.00 3.03 2.95 3.03 64.10 3.03 
15 2.88 2.28 4.23 2.28 3.41 2.28 3.78 2.28 21.75 2.28 
30 2.54 1.52 1.28 1.52 2.35 1.52 1.03 1.52   
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77Table 6.5.6.e: The specific utilisation rate for valerate  of the GL_BSR system 
HRT 
GLN2 GLCO2 
2500 5000 2500 5000 10000 
Se/Xb rs/Xb Se/Xb rs/Xb Se/Xb rs/Xb Se/Xb rs/Xb Se/Xb rs/Xb 
gCOD/gCOD d-1 gCOD/gCOD d-1 gCOD/gCOD d-1 gCOD/gCOD d-1 gCOD/gCOD d-1 
2.5 6.15 9.85 21.15 9.85 15.34 9.85 8.42 9.85   
5 3.37 5.31 11.09 5.31 138.83 5.31 8.97 5.31 167.16 12.91 
10 1.50 3.03 2.63 3.03 1.09 3.03 3.01 3.03 7.79 3.03 
15 1.28 2.28 2.21 2.28 1.81 2.28 2.72 2.28 3.84 2.28 
30 1.25 1.52 1.65 1.52 1.51 1.52 1.04 1.52   
 
v. Estimation of the kinetic parameters, e.g. Km,SRB, Kc,SRB and KSO4 for butyrate and 
valerate, using the Matlab® Curve Fitting Toolbox. The rate Equations E 6.5.6. a and b for 

































vi. Estimation of the kinetic parameters Km,SRB, Kc,SRB and KSO4,SRB, for butyrate and valerate, 
from the curve fitting exercise, using the MATLAB® Curve Fitting Toolbox, of the above 
utilisation rate equations, the results of which are presented below in Tables 6.5.6.f to i.   
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78Table 6.5.6.f: Kinetic parameters for butyrate of the CSTR_BSR system 
Kinetic 
Constants CSTR_1250 CSTR_2500 CSTR_5000 CSTR_7500 CSTR_10000 median 
Km,SRB_Bu 48.5 14.5 12.45 13.63 13.75 13.75 
Kc, SRB_Bu u 2.5 2.5 2.5 2.5 2.5 2.5 
KSO42,SRB_Bu 0.45 0.45 0.45 0.45 0.45 0.45 
ƒI_T_Bu 0.45 0.41 0.39 0.33 0.21   
R-Squared 0.7867 0.5928 0.5027 0.6409 0.158   
 
79Table 6.5.6.g: Kinetic parameters for valerate of the CSTR_BSR system 
Kinetic Constants CSTR_1250 CSTR_2500 CSTR_5000 CSTR_7500 CSTR_10000 median 
Km, SRB_Va 6.75 7.62 4.16 3.8 3.1 4.16 
Kc, SRB_Va 0.488 0.488 0.488 0.488 0.488 0.488 
KSO42,SRB_Va 0.45 0.45 0.45 0.45 0.45 0.45 
ƒI_T 0.45 0.41 0.39 0.33 0.21   
R-Squared 0.8895 0.8233 0.9814 0.9973 0.773   
 
80Table 6.5.6.h: Kinetic parameters for butyrate of the GL_BSR system 
Kinetic 
Constants GL_2500_N2 GL_5000_N2 GL_2500_CO2 GL_5000_CO2 GL_10000_CO2 median 
Km 12.67 12.81 12.67 14.86 12.76 12.76 
Kc, SRB_Bu u 2.5 2.5 2.5 2.5 2.5 2.5 
KSO42,SRB_Bu 0.45 0.45 0.45 0.45 0.45 0.45 
ƒI_T 0.88 0.65 0.85 0.62 0.25  
R-Squared 0.9236 0.84 0.6348 0.1374 0.5243  
 
81Table 6.5.6.i: Kinetic parameters for valerate  of the GL_BSR system 
Kinetic 
Constants GL_2500_N2 GL_5000_N2 GL_2500_CO2 GL_5000_CO2 GL_10000_CO2 median 
Km, SRB_Va 7.17 6.29 4.174 3.78 2.48 4.174 
Kc, SRB_Va 0.488 0.488 0.488 0.488 0.488 0.488 
KSO42,SRB_Va 0.45 0.45 0.45 0.45 0.45 0.45 
ƒI_T 0.88 0.65 0.85 0.85 0.62  
R-Squared 0.9945. 0.2328 0.9575 0.6406 0.5195  
 
The values estimated from determing the average of the median of the kinetic parameters, for 
butyrate and valerate, for both the GL-BSR system and the CSTR-BSR system are Km, SRB_bu = 
13.26 (g/g.d), Km, SRB_Va = 4.17(g/g.d), Kc, SRB_Bu = 2.5 (g/l), Kc, SRB_Va = 0.488 (g/l) and KSO42,SRB I = 
0.45 for both Bu and Va. These kinetic parameters were estimated using the Matlab® Curve Fitting 
Chapter Six                                                                       Reaction Kinetics and Inhibition Modelling 
 
257 | P a g e  
 
 
Toolbox. However, these values are adjusted during the DHI WEST® simulations to best suit all 
the datasets of Bu and Va. This is done in Section 7.2.2. using the datasets from the experimental 
study, excluding the values for experimental runs of the BSR systems at HRT = 7.5.  
 
The proportion of the variance for a dependent variable of the regression for the estimation of the 
kinetic parameters for this prototype-stage prototype model is acceptable at values greater than 
50%. Based on this analogy, the R2 values of the estimated kinetic parameters for GL_5000_CO2, 
GL_5000_N2 and CSTR_10000 have a higher variance than that selected for use in the present 
study. However, these values are used as the initial kinetic parameters implemented in the DHI 
WEST® simulations. Further, adjustments are made during the simulation stage and to determine 
singular best-fit values that describe the CSTR and GL systems for the VFAs butyrate and valerate. 
Figures 6.5.6.a and b show the butyrate and valerate  simulated vs. the measured results of the 
effluent COD concentrations.  
 
117Figure 6.5.6.a: predicted vs measured 
effluent butyrate COD concentration @ HRT = 
7.5days 
118Figure 6.5.6.b: predicted vs measured 




It can be concluded from the comparison of the measured and simulated results that a large error 
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is 7500mgCOD/l. Similarly, a large error exists for the valerate  concentration when the overall feed 
concentration is 10000mgCOD/l. However, further validation of the parameters describing these 
components is done during the DHI WEST ® Simulations in Chapter 7. 
 
6.6. Kinetic rates of sulfide and sulfur oxidation reactions in the CSRT 
BSR system 
Sulfide and elemental sulfur oxidation reactions occurred under limited oxygen in the experimental 
CSTR BSR reactor aqueous phase. These reactions are mediated by Sulfide Oxidising Bacteria 
(SOB) and Sulfur oxidation bacteria (bS0 or Sox). Sections 2.4 and 2.8.2.3 reviewed the literature 
on sulfide and sulfur oxidations, while Sections 5.2.1.2 and 5.2.1.3 described the reaction 
stoichiometries for these two reactions as they apply to the present study. Table 6.6.1.a present 
sthe processes as they occur in the Gujer Matrix.  
 
82Table 6.6.1.a: Processes: sulfide and elemental sulfur oxidation reactions in the CSTR 
BSR system 
Processes (j)↓ 
16 H2S/HS and S0 
oxidation 
Sulfide Oxidisation to S0 by SOB 
17 S0 Oxidation to SO42- by X_bS0 
 
The aim of this section is to determine the rate equations describing sulfide and elemental sulfur 
oxidation. As before, the Matlab ® Curve Fitting Toolbox is used to estimate the kinetic parameters 
in each of these cases.  
It is also important to understand the reaction stoichiometry for the sulfur-based components 
present in the CSTR-BSR aqueous environment. These are the sulfur-based components 
considered for the overall mass balance of the S-component balance in the present study. These 
were described in detail in Sections 5.2.3 to 5.2.5 and presented a summary in Figure 6.6.a below. 
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119Figure 6.6.a: Sulfur-Based reaction stoichiometry in the CSTR-BSR Environment 
 
The kinetics equations that describe the reaction rates for H2S/HS- production were described in 
6.6. above and the kinetics for the oxidation reactions are described in this Section.  
 
6.6.1. Estimate the rate equations and kinetic parameters for sulfide utilisation  
Van Der Ende et al. (1997) reported that Sulfide Oxidising Bacteria (SOB) are obligate aerobes 
that obtain energy from the oxidation of sulfur compounds like H2S using CO2 as a carbon source. 
The catabolic path of the SOB mediated reaction for H2S/HS- utilisation to S is described by 
equation E 6.6.1.a below. 
 




�⎯⎯⎯� 𝑆𝑆𝑛𝑛0 + 𝑛𝑛𝑂𝑂𝐻𝐻−       (E6.6.1.a) 
 
Where n is the sulfur (S0) molecular chain length or ring size. The aim is to determine the kinetic 
equation describing the sulfide substrate utilisation rate. Oxygen are considered the limiting 
component in the present study and this are considered in the development of the rate equation. 
Firstly, the dataset used for the development of the H2S oxidation rate equation must be evaluated 
for mass continuity. 
 
6.6.1.1. Datasets used to determine SOB reaction rate equations 
In equation E6.6.1a, the measured and calculated components are i) the measured free and saline 
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iii) the feed/influent sulfate and effluent sulfate concentrations and iv) the system pH to determine 
the un-ionised H2S concentration. Table 6.6.1.b shows the S-based component balances for the 
feed COD (Si) 1.25, 2.5, 5.0, 7.5 and 10.0 gCOD/l at the various HRTs of 2.5, 5, 7.5, 10, 15 and 
30 days. 
83Table 6.6.1.b: % Overall sulfur component balance 
CODf  
(g/l) 
Hydraulic Retention Time (days) 
2,5 5 7,5 10 15 30 
1.25 99,5% 103,4% 104,3% 103,1% 107,1% 114,0% 
2.5 100,1% 100,9% 102,4% 103,3% 106,6% 109,8% 
5.0 100,0% 100,7% 101,7% 103,7% 102,6% 107,1% 
7.5 100,4% 100,8% 101,3% 101,7% 102,1% 108,2% 
10.0 97,9% 100,7% 100,9% 102,4% 103,6% 106,3% 
 
The sulfur component mass balances of the dataset from the CSTR-BSR system remained within 
a 10% variance. These datasets, therefore, can be reliably used in the modelling of the sulfur 
components in the present study.  
 
Table 6.6.1.c shows the measured free and saline sulfide (H2S + HS-) concentrations (mgS/l) 
during the experimental runs where the feed COD (Si) concentrations were 1250, 2500, 5000, 
7500 and 10000 mgCOD/l at the various HRTs of 2.5, 5, 7.5, 10, 15 and 30 days for the 
experimental study of the CSTR BSR system.  
 
84Table 6.6.1.c: Measured sulfide concentration (mgS/l) in the CSTR BSR reactor 
Si (g/l) 
Free and saline sulfide (FSS) Concentration  
(mgS/l) 
  2,5 5 7,5 10 15 30 
1.25 85,1 116,7 115,3 76,8 53,4 35,1 
2.5 161,1 209,5 172,1 161,9 110,0 69,5 
5.0 251,2 380,0 378,6 385,5 326,5 185,1 
7.5 319,0 513,3 496,9 466,7 456,0 275,2 
10.0 325,3 604,0 528,0 534,5 518,7 359,0 
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The free and saline sulfide concentration was speciated into H2S and HS- with the sulfide system 
K’s1 dissociation constant in Table 2.5.1.B (Section 2.5.1) with the pH measured in these 
experimental runs. The pH of each experimental run is listed in Table 6.6.1.d below, 
 
85Table 6.6.1.d: Measured pH for each experimental run for the CSTR BSR system 
Si (mgCOD/l) 2,5 5 7,5 10 15 30 
1250 7,5 7,8 7,8 7,7 7,7 7,5 
2500 7,6 7,9 7,9 7,9 7,8 7,6 
5000 7,7 8,1 8,2 8,1 8,1 7,8 
7500 7,8 8,3 8,4 8,4 8,5 7,9 
10000 7,9 8,6 8,5 8,4 8,4 8,1 
 
The elemental sulfur concentrations (mgS/l) measured at the different HRT and feed COD 
concentrations are shown below in Table 6.6.1.d. 
 
86Table 6.6.1.d: Measured elemental sulfur concentration (mgS/l) in CSTR BSR reactor 
Si 
  (mgCOD/l) 
Hydraulic Retention Time (days) 
2,5 5 7,5 10 15 30 
1250 62,9 196,4 315,9 310,1 424,2 436,9 
2500 41,6 318,3 517,7 587,6 779,9 823,8 
5000 76,3 446,9 816,7 1157,8 1391,3 1102,8 
7500 100,2 521,1 935,9 1198,0 2105,2 2955,2 
10000 85,6 543,1 1070,8 1645,3 2916,0 3995,1 
 
It should be noted that the measured elemental sulfur is the sum of the elemental sulfur and poly-
sulfide compounds in the CSTR BSR aqueous phase. The analytical method to determine the 
elemental sulfur concentration uses an acidic pH < 6, which shifts all polysulfides to the elemental 
sulfur form as described in Section 5.5.1.  
 
The theoretically expected sulfide concentration, based on an S-component mass balance, is 
determined from the difference of the influent sulfide concentrations and that of the theoretically 
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used effluent total sulfate concentrations, determined by using the measured effluent COD 
concentration divided by the influent COD:SO4 mass ratio, described in Section 5.2.1.3. Table 
6.6.1.e shows the expected sulfide concentration (mgS/l).  
 
87Table 6.6.1.e: Expected sulfide concentration (mgS/l) in the CSTR BSR reactor (Based on SO42- 
used) 
Si    
(mg/l) Hydraulic Retention Time (days) 
  2,5 5 7,5 10 15 30 
1250 148,1 313,1 431,2 386,8 477,6 471,9 
2500 202,7 527,8 689,9 749,5 890,0 893,4 
5000 327,5 826,9 1195,3 1543,3 1717,8 1287,9 
7500 419,2 1034,4 1432,8 1664,6 2561,2 3230,4 
10000 410,9 1147,1 1598,7 2179,7 3434,7 4354,1 
 
The plots of the datasets for the measured and theoretically expected sulfide presented in Tables 
6.6.1. c and e are shown in Figures 6.6.1.a and b, respectively.  
 
120Figure 6.6.1.a: Measured Sulfide Conc. vs. 
HRT 































































1250 2500 5000 7500 10000
Chapter Six                                                                       Reaction Kinetics and Inhibition Modelling 
 
263 | P a g e  
 
 
The measured elemental sulfur concentration was used to determine the stoichiometric quantity of 
oxygen used during the sulfide oxidation reaction. This was done because a dissolved oxygen 
(DO) probe could not be used in a sulfide environment as sulfide corrodes the probes. Tables 
6.6.1.f shows the calculated oxygen utilisation concentrations for the feed COD (Si) 1250, 2500, 
5000, 7500 and 10000 mgCOD/l at the different HRTs of 2.5, 5, 7.5, 10, 15 and 30 days at which 
the CSTR BSR systems were operated.  
88Table 6.6.1.f: Calculated oxygen utilised for elemental sulfur production (mgO/l) 
Si   (mgCOD/l) Hydraulic Retention Time (days) 
  2.5 5 7.5 10 15 30 
1250 29.4 99.7 160.3 170.8 227.8 235.9 
2500 27.9 150.1 253.1 314.4 430.7 425.6 
5000 30.5 226.1 413.0 569.7 729.5 526.1 
7500 22.6 283.0 492.6 658.2 1010.2 1459.7 
10000 15.9 302.1 540.8 851.6 1299.2 1875.2 
 
The trends of the datasets for elemental sulfur measured and calculated oxygen needed to produce 
the S0 are presented in Tables 6.6.1.c and d are plotted as shown in Figures 6.6.1.c and d.  
 
122Figure 6.6.1.c: Elemental S0  Measured 
based in HRT for each feed COD 
123Figure 6.6.1.d: Oxygen used to produce S0   
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These datasets are used to determine the specific sulfide substrate effluent concentration, 𝜇𝜇_𝑅𝑅𝜇𝜇𝐴𝐴
𝐿𝐿𝑆𝑆𝐶𝐶𝑆𝑆
, 
and specific substrate (sulfide) utilisation rate ( 𝜇𝜇𝑇𝑇𝑆𝑆
𝐿𝐿𝑆𝑆𝐶𝐶𝑆𝑆
). The half-saturation constant of oxygen 
(KO,SOB), half-saturation constant of substrate H2S (Kc,SOB) and maximum substrate utilisation 
constant (km,SOB) were determined by non-linear least-squares regression parameter estimation in 
the Matlab® Curve Fitting Toolbox ®. Table 6.6.1.g presents the kinetic parameters reported by 
other study related to reaction rates for sulfide oxidation bacteria (SOB).  
 
89Table 6.6.1.g: Kinetic Constants for SOB activities from reviewed literature 
Citation 
Km,SOB Kc,SOB KO,SOB bsob 
g.gX-1.d-1 g/l g/l d-1 
Nelson et al.(1986) 5.5533    
Buisman et al. (1991) 17.88    
Munz et al. (2009)    0.013 
Gonzalez-Sanchez et al. (2009)  0.032 0.896  
Khavarpour et al. (2011) 21.741 3.50 0.393  
Xu et al. (2013) 7.857 0.680 0.200 0.11 
Namgung and Song (2015) 9.5483 0.150   
Range of kinetic parameters 5.55-21.74 0.032-3.5 0.2-0.986 0.013-0.11 
 
The maximum substrate utilisation rate constant (km,SOB) ranges between 21.74 g/g.d and 5.55 
g/g.d, while half-saturation constant of substrate H2S (Ks,SOB) ranges between 0.032 g/l and 3.5g/l. 
The half-saturation constant of oxygen (KO,SOB) ranges between 0.2 and 0.896 g/l.  
 
6.6.1.2. Determine the volumetric and specific H2S substrate utilisation rates 
As was the case in Section 6.3, the variables needed to determine the parameter estimation in the 
kinetic equations are determined in this section. The SFSSe (free and saline sulfide) and measured 
elemental sulfur concentrations (X_S0 or S0) in the datasets are used to determine i) Sulfide utilised 
to produce X_S0 (elemental sulfur), ii) the mass of sulfide oxidizing bacteria (X_SOB) and iii) the 
volumetric STSe substrate utilisation rate (r,SOB).  
The procedure for SOB activity is as follows,  
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i. The moles of S_TS utilised is equal to the moles of elemental sulfur (X_S0) produced as 
described by the reaction stoichiometry equation E6.6.1.a. The concentration of S_TSu in 
mg/l is determined as described in equation E6.6.1.a 
 
𝑆𝑆_𝐴𝐴𝑆𝑆𝜇𝜇 =  𝑋𝑋𝜇𝜇0 ∗ �
34
32
�         (E.6.6.1.a) 
 
Where 34 is the molar mass of TS if all TS is H2S, thus the maximum value, and 32 the molar 
mass of X_S0.  
ii. Next, the SOB biomass concentrations (X_SOB) for each experimental run are determined. 
The X_SOB is calculated using equation E.6.6.1.b 
 
𝑋𝑋𝜇𝜇𝜇𝜇𝜇𝜇 =  
𝑌𝑌𝑏𝑏_𝑆𝑆𝐶𝐶𝑆𝑆∗𝜇𝜇_𝑅𝑅𝜇𝜇𝑢𝑢
1+b𝑆𝑆𝐶𝐶𝑆𝑆∗HRT∗(1−𝑌𝑌𝑆𝑆𝐶𝐶𝑆𝑆)
       (E.6.6.1.b) 
 
Where YSOB is the biomass yield coefficient for the SOB and bSOB the death or decay rate for 
the SOB biomass. The YSOB and bSOB values of sulfide utilising are presented in Table 6.6.1.a 
below.  
90Table 6.6.1.a: The yield coefficients and decay rates for the SOB 
XSOB units Value 
YSOB gCOD/g 0.09 
bSOB d-1 0.02 
 
The yield coefficient for SOB can be found in Table 5.3.b 
 
iii. The volumetric sulfide utilisation rate (rTS) at each of the selected HRT and feed COD 
concentration (Si) are determined from the sulfide utilised, based on the measurement of 
sulfide exiting the reactor and the expected sulfide produced from sulfate reduction over the 
HRT at each case. Equation E.6.6.1.c describes the volumetric sulfide utilisation rate (rTS) 
determined from the experimental data. 
 
𝑃𝑃𝑅𝑅𝜇𝜇 =  
𝜇𝜇𝑇𝑇𝑆𝑆𝑢𝑢
HRT
         (E.6.6.1.c) 
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iv. Finally, the values of the specific sulfide substrate effluent concentration �𝜇𝜇_𝑅𝑅𝜇𝜇𝐴𝐴
𝐿𝐿𝑆𝑆𝐶𝐶𝑆𝑆
� and specific 
substrate utilisation rate � 𝜇𝜇𝑇𝑇𝑆𝑆
𝐿𝐿𝑆𝑆𝐶𝐶𝑆𝑆
� are determined. 
 
Tables 6.6.1.b to 6.6.1.f present the results of S_TSe, S_TSu, XSOB, rTS for CSTR BSR systems fed 
COD substrate of 1.25, 2.5, 5.0, 7.5 and 10.0 gCOD/l, respectively and the results plotted in Figure 
6.6.1.b.  
 
91Table 6.6.1.b: Specific TS substrate utilisation rates and Specific effluent TS 
concentration for the CSTR-BSR system fed COD substrate mixture at 1250mgCOD/l 
Experimental run based on Feed Mixture as Si                    =  1,25  gCOD/l 
HRT                          
(days) 
S_TSu        
(gS/l) 
S_TSe                 
(gS/l) 
X_SOB      
(gCOD/l) S_TSe/X_SOB 
rTS/X_SOB     
(1/d) 
30,0 0,437 0,035 0,0290 1,208 0,502 
15,0 0,424 0,053 0,0249 2,142 1,135 
10,0 0,310 0,077 0,0206 3,727 1,505 
5,0 0,196 0,117 0,0150 7,774 2,617 
2,5 0,063 0,085 0,0052 16,362 4,839 
 
92Table 6.6.1.c Specific TS substrate utilisation rates and Specific effluent TS 
concentration for the CSTR-BSR system fed COD substrate mixture at 2500mgCOD/l 
Experimental run based on Feed Mixture as Si                    =  2,5  gCOD/l 
HRT                          
(days) S_TSu        
(gS/l) 
S_TSe                 
(gS/l) 
X_SOB      
(gCOD/l) S_TSe/X_SOB 
rTS/X_SOB     
(1/d) 
  
30,0 0,824 0,070 0,0359 1,937 0,765 
15,0 0,780 0,110 0,0458 2,402 1,135 
10,0 0,588 0,162 0,0390 4,148 1,505 
5,0 0,318 0,209 0,0243 8,611 2,617 
2,5 0,042 0,161 0,0034 46,787 4,839 
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93Table 6.6.1.d: Specific TS substrate utilisation rates and Specific effluent TS 
concentration for the CSTR-BSR system fed COD substrate mixture at 5000mgCOD/l 
Experimental run based on Feed Mixture as Si                    =  5  gCOD/l 
HRT                          
(days) S_TSu        
(gS/l) 
S_TSe                 
(gS/l) 
X_SOB      
(gCOD/l) S_TSe/X_SOB 
rTS/X_SOB     
(1/d) 
  
30,0 1,103 0,185 0,0481 3,851 0,765 
15,0 1,391 0,326 0,0817 3,995 1,135 
10,0 1,158 0,385 0,0769 5,012 1,505 
5,0 0,447 0,380 0,0342 11,125 2,617 
2,5 0,076 0,251 0,0063 39,849 4,839 
 
94Table 6.6.1.e: Specific TS substrate utilisation rates and Specific effluent TS 
concentration for the CSTR-BSR system fed COD substrate mixture at 7500mgCOD/l 
Experimental run based on Feed Mixture as Si                    =  7,5  gCOD/l 
HRT                          
(days) S_TSu        
(gS/l) 
S_TSe                 
(gS/l) 
X_SOB      
(gCOD/l) S_TSe/X_SOB 
rTS/X_SOB     
(1/d) 
  
30,0 2,955 0,275 0,1288 2,136 0,765 
15,0 2,105 0,456 0,1236 3,688 1,135 
10,0 1,198 0,467 0,0796 5,864 1,505 
5,0 0,521 0,513 0,0398 12,886 2,617 
2,5 0,100 0,319 0,0083 38,495 4,839 
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95Table 6.6.1.f: Specific TS substrate utilisation rates and Specific effluent TS 
concentration for the CSTR-BSR system fed COD substrate mixture at 10000 mgCOD/l 
Experimental run based on Feed Mixture as Si                    =  10  gCOD/l 
HRT                          
(days) S_TSu        
(gS/l) 
S_TSe                 
(gS/l) 
X_SOB      
(gCOD/l) S_TSe/X_SOB 
rTS/X_SOB     
(1/d) 
  
30,0 3,995 0,359 0,1741 2,062 0,765 
15,0 2,916 0,519 0,1713 3,028 1,135 
10,0 1,645 0,534 0,1093 4,890 1,505 
5,0 0,543 0,604 0,0415 7,550 2,617 
2,5 0,136 0,275 0,0112 45,943 4,839 
 
Tables 6.6.1.b to 6.6.1.f are plotted in Figure 6.6.1.e.  
 
124Figure 6.6.1.e: Spec. sulfide utilisation rate vs. Spec. TS effluent conc.  
 




� in Figure 6.6.1.e it can be concluded that all 
CSTRs follow a similar trend. The trend of CSTR fed 1.25gCOD/l is a little flatter than the other 
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6.6.1.3. Estimation of the Specific Sulfide Substrate utilisation rate equation and Kinetic 
Parameter Estimation 
In the case of SOB activity, the specific sulfide utilisation rate vs. specific effluent sulfide 
concentration was described with a saturation (Contois) curve. Regressing with the Matlab® Curve 
Fitting Toolbox the calculated specific substrate utilisation � 𝜇𝜇𝑇𝑇𝑆𝑆
𝐿𝐿𝑆𝑆𝐶𝐶𝑆𝑆
� vs. specific effluent COD 
concentrations �𝜇𝜇_𝑅𝑅𝜇𝜇𝐴𝐴
𝐿𝐿𝑆𝑆𝐶𝐶𝑆𝑆
� datasets, Equation E 6.6.1.d was found to yield the best results with state 














�  (E.6.6.1.d) 
 
The kinetic parameters in E 6.6.1.d, i.e. the maximum specific rate of substrate (Km_SOB), half-
saturation constant for sulfide utilisation (KS,SOB) and for oxygen utilisation (KO,SOB), obtained from 
Matlab® Curve Fitting Toolbox are given in Table 6.6.1.g below. 
 
96Table 6.6.1.g: Kinetic parameters estimation results of SOB activity in the CSTR BSR 
system 
Si (gCOD/l) TSe (gS/l) SOB_H2Se Goodness of fit 
Km,SOB KS,SOB KO,SOB R_squared  
1250 0,294 4.69 2,958 0.5 80.1% 
2500 0,315 4.347 2,958 0.5 87.5% 
5000 0,393 3.789 2,958 0.5 67.0% 
7500 0,571 3.892 2,958 0.5 62.5% 
10000 0,712 4.27 2,958 0.5 66.1% 
Average  0,457 4.134 2,958 0.5 75.8% 
 
The half-saturation constants were estimated by selecting first a maximum specific substrate 
utilization rate (Km,SOB) value of 4.134 g/g.d, which is relatively close to the value reported by Nelson 
et al. (1986). The values of KS,SOB and KO,SOB were then averaged for all the CSTR operational 
conditions. The value of the Km,SOB was then estimated with the average values of KS,SOB and KO,SOB.  
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The predictions from the calibrated sulfide utilisation rate equation E 6.6.1.d was tested against the 
measured datasets presented in Tables 6.6.1.b to f. It can be seen in Figure 6.6.1.c that the 
predicted rate matches the measured rate closely.  
 
 
125Figure 6.6.1.c: Spec. Sulfide utilisation rate vs. Spec. TS effluent conc. 
 
In the case of sulfide utilisation, rate equation is described with no inhibition in a single rate 
equation.  
 
6.6.2. Estimate the reaction kinetics for Sulfur Oxidizing Bacteria activity 
The elemental sulfur produced from SOB activity is further oxidised in the presence of even limited 
oxygen to SO42-. Estimation of the elemental sulfur utilisation rate equation is explained in this 
section. The three-stage oxidation of elemental sulfur (S0) to sulfate (SO42-), that proceeds through 
intermediate products S2O32- and SO32- (described in Section 2.4.3), can be described in a single 
reaction (no intermediate accumulation) given by equation E 6.6.2.a below 
 
S0   + 3
2
𝑂𝑂2 + H2O 
𝜇𝜇𝜇𝜇𝜇𝜇0
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The oxidation of sulfur was observed in the experimental study of the CSTR BSR systems operated 
at high sulfate (SO42-) concentrations. The active biomass in these reactions are the 
chemolithoautotrophic Sulfur Oxidation Bacteria (bS0) or SOX (Lee et al., 2000; Nielsen et al., 
2003). The method used to estimate the quantity of SO42- regenerated as described in Section 
5.2.1.3. This method can be summarised by the expected effluent SO42- concentrations (S_SO4_e) 





� −  𝑆𝑆𝑆𝑆𝑂𝑂4_𝐹𝐹_𝑚𝑚𝐹𝐹𝐶𝐶𝑠𝑠𝐵𝐵𝑃𝑃𝐹𝐹𝑑𝑑     
 (E5.2.1.k) 
 
This was shown in Figure 5.2.1.a shown below, 
 
 
126Figure 5.2.1.a: Regeneration of Sulphate (SO42-) by elemental sulphur oxidation 
 
Figure 5.2.1.a shows that at higher influent/feed COD concentrations of the VFAs, that of higher 
sulfate feed concentrations, and longer HRTs, increased elemental sulfur occurs that results in 
increased sulfate regenerations within the BSR reactor aqueous environment. It can be c 
considered reasonable that increase HRTs results in increase oxidations that would result in 
greater sulfate regeneration. Higher elemental sulfur concentrations in solutions also provide the 
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6.6.2.1. Datasets used to determine SOB reaction rate kinetic equations 
To prototype model the reaction rate of the sulfur utilisation, the following experimental measured 
and calculated concentrations are needed, i) the measured COD and sulfate concentrations of the 
influent and effluent streams of the CSTR BSR systems, ii) the calculated total elemental sulfur 
concentrations at the S0/Sn2- equilibrium and iii) the calculated regenerated sulfate concentration 
based on the measured and expected SO42- concentrations, where the expected SO42- is 
determined as described in Section 5.2.1.3 .  
 
It should be noted that the mass continuity of free and saline sulfide, elemental sulfur and sulfate 
were considered in the overall sulfur mass balance shown in Table 6.6.1.a in Section 6.6.1 above. 
The S mass balance of the datasets from the CSTR-BSR system was within 10% of the 100% 
balance, which is an acceptably good S mass continuity check for the experimental results.  
 
The variables selected for the CSTR BSR experimental runs were feed COD (Si) concentrations 
of 1250, 2500, 5000, 7500 and 10000mgCOD/l at each of 2.5, 5, 7.5, 10, 15 and 30days HRT. The 
measured concentrations of the influent and effluent COD and sulfate concentrations are given in 
Table 6.6.1.a to d below.  
 
97Table 6.6.2.a: Influent COD concentration (mgCOD/l) for the CSTR BSR system 
Si (mgCOD/l) 
Hydraulic Retention Time (days) 
2,5 5 7,5 10 15 30 
1250 1206,7 1261,5 1205,1 1329,0 1263,6 1214,7 
2500 2474,6 2512,6 2423,3 2557,0 2505,5 2392,7 
5000 5100,0 5090,3 4969,2 5156,7 5088,5 5403,4 
7500 7438,3 7553,9 7505,0 7472,8 7698,4 7588,6 
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98Table  6.6.2.b: Influent SO42- concentration (mgSO42-/l) for the CSTR BSR system 
Si 
(mgCOD/l) 
Hydraulic Retention Time (days) 
2,5 5 7,5 10 15 30 
1250 1781,72 1775,52 1881,54 1773,38 1907,15 1888,46 
2500 3618,64 3668,94 3570,38 3614,06 3780,62 3476,37 
5000 7482,63 7299,65 7507,24 7664,52 7726,20 7986,86 
7500 11168,20 11387,77 11072,85 10629,21 11519,60 11170,36 
10000 14913,05 15459,79 14863,36 15760,20 15448,48 15173,53 
 
99Table 6.6.2.c: Effluent COD concentration (mgCOD/l) for the CSTR BSR system 
Si (mgCOD/l) 
Hydraulic Retention Time (days) 
2,5 5 7,5 10 15 30 
1250 902,9 608,4 385,0 337,9 268,4 219,7 
2500 2029,0 1443,4 1025,8 920,0 636,9 450,6 
5000 4350,4 3380,9 2644,2 2146,1 1589,8 757,1 
7500 6638,4 5560,0 4659,1 3811,3 2698,1 1017,7 
10000 9173,2 8129,2 6868,8 6328,8 4182,0 1368,2 
 
100Table  6.6.2.d: Effluent SO42- concentration (mgSO42-/l) for the CSTR BSR system 
Si (mgCOD/l) 
Hydraulic Retention Time (days) 
2,5 5 7,5 10 15 30 
1250 1337,5 864,8 634,7 527,5 474,4 531,4 
2500 3010,4 2110,1 1548,9 1427,8 1110,7 903,4 
5000 6500,2 4852,4 4019,8 3256,6 2572,8 1375,1 
7500 9910,5 8379,1 6895,8 5742,4 3836,0 1950,1 
10000 13680,3 12130,9 10155,4 9520,9 5144,3 2541,8 
 
The concentration of S0 available for oxidation to SO42- is that present in its elemental sulfur form, 
excluding that in the polysulfide form. However, the equilibrium of the S0 and Sn2- is directly related 
to the operational pH of the system. The datasets used to calculate the S0 concentrations at the 
S0/Sn2- equilibrium were i) the total elemental sulfur (S0) (Table 6.6.1.d) and ii) the CSTR-BSR 
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system operating pH (Table 6.6.1.d). The results from the for the S0 concentrations at equilibrium 
are shown in Table 6.6.2.e below. 
 
101Table 6.6.2.e: Calculated elemental sulfur concentration (mgS/l)  
at S0/Sn2- equilibrium 
Si   
(mgCOD/l) 
Hydraulic Retention Time (days) 
2,5 5 7,5 10 15 30 
1250 10 43 70 101 120 173 
2500 16 62 98 123 185 255 
5000 28 58 86 142 180 477 
7500 17 46 70 91 123 536 
10000 12 25 63 125 177 566 
 
The concentrations of sulfate regenerated (mgS/l) were determined using i) the influent COD 
concentrations, influent SO42- concentrations, the effluent COD concentrations and influent SO42- 
concentration datasets presented above in Tables 6.6.1.a to d. The expected SO42- concentrations 
were determined as described in Section 5.2.1.3. and 6.6.2. above. The result of this calculation is 
shown in Table 6.6.2.f below.  
 
102Table 6.6.2.f: Calculated regenerated sulfate concentration (mgS/l) in the CSTR BSR 
reactor 
Si               
(mgCOD/l) 
Hydraulic Retention Time (days) 
2,5 5 7,5 10 15 30 
1250 0,36 3,33 10,90 7,72 24,62 67,87 
2500 0,00 0,87 12,13 18,21 53,08 76,96 
5000 0,00 1,73 8,36 17,81 30,88 84,33 
7500 0,00 0,00 7,37 17,96 37,00 143,71 
10000 0,00 0,00 12,12 24,97 57,33 166,56 
 
Finally, the effluent elemental sulfur concentration is determined from the difference of the 
elemental sulfur concentrations at equilibrium and that utilised to produce the regenerated sulfate 
all in mgS/l concentration form. The results are presented in Table 6.6.2.g below.  
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103Table 6.6.2.g: Effluent S0 after sulfate regeneration 
Si (mgCOD/l) 
Hydraulic Retention Time (days) 
2,5 5 7,5 10 15 30 
1250 9,17 39,50 58,91 93,19 95,48 105,51 
2500 16,46 60,98 86,07 104,67 131,95 177,96 
5000 28,05 56,49 77,17 123,85 149,41 392,36 
7500 16,76 46,49 62,34 73,21 86,01 392,33 
10000 12,35 25,28 51,30 100,19 119,97 399,08 
 
6.6.2.2. Determine the volumetric and specific H2S substrate utilisation rates 
The reaction rate for elemental sulfur utilisation was estimated followed as a similar procedure 
applied for the estimation of the substrate utilisation rates for SRB and SOB activity.  Matlab ® 
Curve Fitting Toolbox is using to estimate the best-fit curve for sulfur utilisation rate. This is 
achieved by using the experimental datasets to determine the volumetric sulfur utilisation rate (rS0) 
and the calculated effluent elemental sulfur concentrations (X_S0e) at equilibrium.  
The procedure for bS0 activity is determined as follows,  
i. Table 6.6.2.g already gives the effluent elemental sulphur (X_S0e) concentrations in (gS/l). 
This dataset are used as the x-axis for the Monod plot to be used to describe the sulfur 
utilisation rate.  
ii. Next, the mass of the active bS0s population concentration (X_bS0) are determined using the 
same growth equation used for SRB and SOB populations concentrations given by equation 
E.6.6.2.b 
 
𝑋𝑋𝜇𝜇𝜇𝜇0 =  
𝑌𝑌𝑏𝑏𝑆𝑆0∗𝐿𝐿_𝜇𝜇0𝑢𝑢
1+b𝑏𝑏𝑆𝑆0∗HRT∗(1−𝑌𝑌𝑏𝑏𝑆𝑆0)
       (E.6.6.2.b) 
 
Where YbS0 is the biomass yield coefficient for the X_bS0 and bbS0 the death or decay rate for 
the X_bS0 biomass. The YSOB and bSOB values of elemental sulfur utilising bacteria were 
discussed in Section 5.2.3 and is presented in Table 6.6.1.b below.  
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104Table 6.6.2.h: The yield coefficients and decay rates for the SOB 
XbS0 units Value 
YbS0 gCOD/g 0,382 
bbS0 d-1 0.02 
 
iii. Next, the volumetric sulfur utilisation rate (rS0) for each of the state variables selected for the 
experimental study. Equation E.6.6.2.c describes how to calculate the volumetric sulfur 
utilisation rate (rS0) using experimental measurements. 
 
𝑃𝑃𝑅𝑅𝜇𝜇 =  
𝜇𝜇𝑇𝑇𝑆𝑆𝑢𝑢
HRT
        (E.6.6.2.c) 
 
Tables 6.6.2.i to 6.6.2.m present the results of X_S0e, S_S0u, X_bS0 and rS0 for the CSTR BSR 
systems operated at feed COD (Si) concentrations 1250, 2500, 5000, 7500 and 10000 mgCOD/l.  
 
105Table 6.6.2.i: Elemental sulphur utilisation rate and effluent S0 during         
    feed Mix of 1,25gCOD/l 
HRT     
   (d) 









2,5 0,009 0,000 0,000 0,0001 
5,0 0,039 0,003 0,001 0,0007 
7,5 0,059 0,011 0,004 0,0015 
10,0 0,093 0,008 0,003 0,0008 
15,0 0,095 0,025 0,008 0,0016 
30,0 0,106 0,068 0,021 0,0023 
 
106Table 6.6.2.j: Elemental sulphur utilisation rate and effluent S0 for feed COD Mix of 
2,5gCOD/l 
HRT 









2,5 0,016 0,000 0,000 0,0000 
5,0 0,061 0,001 0,000 0,0002 
7,5 0,086 0,012 0,004 0,0016 
10,0 0,105 0,018 0,006 0,0018 
15,0 0,132 0,053 0,018 0,0035 
30,0 0,178 0,077 0,024 0,0026 
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107Table 6.6.2.k: Elemental sulphur  utilisation rate and effluent S0 during       
 feed mix of 5gCOD/l 
HRT 









2,5 0,028 0,000 0,000 0,0000 
5,0 0,056 0,002 0,000 0,0003 
7,5 0,077 0,008 0,004 0,0011 
10,0 0,124 0,018 0,006 0,0018 
15,0 0,149 0,031 0,018 0,0021 
30,0 0,270 0,101 0,024 0,0034 
 
108Table 6.6.2.l CSTR BSR based volumetric and specific TS utilisation rates for COD 
substrate feed mixture of 1250mgCOD/l 
HRT 









2,5 0,017 0,000 0,000 0,0000 
5,0 0,046 0,000 0,000 0,0000 
7,5 0,062 0,007 0,003 0,0010 
10,0 0,073 0,018 0,006 0,0018 
15,0 0,086 0,037 0,013 0,0025 
30,0 0,392 0,144 0,044 0,0048 
 
109Table 6.6.2.m CSTR BSR based volumetric and specific TS utilisation rates for COD 
substrate feed mixture = 1250mgCOD/l 
HRT   (d) 









2,5 0,012 0,000 0,000 0,0000 
5,0 0,025 0,000 0,000 0,0000 
7,5 0,051 0,012 0,004 0,0016 
10,0 0,100 0,025 0,009 0,0025 
15,0 0,120 0,057 0,020 0,0038 
30,0 0,399 0,167 0,051 0,0056 
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The effluent elemental sulphur concentrations (X_S0e) vs. the elemental sulphur utilisation rate 
(rS0)  results from Tables 6.6.2.i to m are presented in the plots Figure 6.6.2.b below,  
 
 
127Figure 6.6.2.b: Elemental Sulfide utilisation rate vs. effluent S0 conc. 
 
From a visual inspection of the elemental sulfur utilisation rate vs. effluent sulfur concentration 
plots, it can be concluded that all the plots follow a similar trend. As such, the trend of all the sulfur 
utilisation rate datasets can be represented using a single plot of the median of the values 
presented. This are implemented during the curve fitting exercise in the subsequent section.  
 
6.6.2.3. Estimation of the elemental sulfur utilisation rate equation and associated kinetic 
parameters 
The estimation of the elemental sulfur utilisation rate equation and the associated kinetic 
parameters are done in this section for sulfur oxidising bacteria activity. The Matlab ® Curve Fitting 
Toolbox is also used to estimate the best-fit curves for the dataset of rS0 v. X_S0e shown in Figure 
6.6.2.b above.  
 
i. The results of curve fitting using Matlab ® Curve Fitting Toolbox were as follow, contrary to 
the case of SOB activity that follow the Monod Kinetics and where Equation E 6.6.1.d was 
successfully fitted to the datasets, equation E6.6.2.d (shown below) could not be fitted to these 
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�   (E 6.6.2.d) 
 
The best-fit of the Monod type kinetic equation had fit goodness of less than 30% at best.  
 
ii. After application of the Haldane type kinetic rate equation, the goodness of the best-fit 
increased to fit goodness of above 50% to 97% to the datasets of Tables 6.6.2.i to 6.6.2.m. 
The best-fit curve describing the datasets of the elemental sulfur utilisation rate is presented 













�    (E 6.6.2.e) 
 
For the kinetic parameter estimation, the value of the maximum rate of sulfur utilisation was 
selected from the median of the literature values that are presented in Table 6.6.2.n 
 
110Table 6.6.2.n: Literature review of the maximum rate of sulfur utilisation constant 
Reference Km_bS0 Units 
Kon and Tatsumi (2014) 6,825 gS.g-1.d-1 
Xu et al. (2013) 1,179 gS.g-1.d-1 
Munz et al. (2009) 19,176 gS.g-1.d-1 
Pokorna et al. 2007 7,68 gS.g-1.d-1 
Konishi et al., 1995 7,420 gS.g-1.d-1 
 Median  7,420 gS.g-1.d-1 
 Range  1.179 to 19176 gS.g-1.d-1 
 
The Haldane equations have an inhibition kinetic parameter. The value of this inhibition 
parameter was estimated for the experimental runs of 5000mgCOD/l, 7500mgCOD/l and 
10000mgCOD/l to be close to the value of 0.0339. This value was fixed for all the 
experimental runs. hese results are presented in Table 6.6.2.o below. 
 
Chapter Six                                                                       Reaction Kinetics and Inhibition Modelling 
 
280 | P a g e  
 
 
111Table 6.6.2.o: Kinetic parameters estimation results of bS0 activity in the CSTR BSR system 
Si  
(gCOD/l) 
X_S0e   
(gS/l) 
Kinetic Rate Parameters 
Km,bS0 KS,bS0 KO,bS0 Ki,bS0 R-Squared  
1250 0,093 7,42 0,533 0.065 0,0339 0,5459 
2500 0,105 7,42 0,469 0.067 0,0339 0,7852 
5000 0,124 7,42 0,697 0.075 0,0339 0,9841 
7500 0,073 7,42 0,335 0.065 0,0339 0,9122 
10000 0,120 7,42 0,219 0.058 0,0339 0,9663 
Median  0,103 7,42 0,451 0.066 0,0339   
 
After application of the sulfur utilisation rate Equation E 6.6.2.e, using the kinetic parameters Km,bS0 
= 7.42, KS,bS0 = 0.451 and KO,bS0 = 0.0667g/l at the Ki,bS0 value of 0.0339, the results were plotted 
as seen in Figure 6.6.2.c for the effluent elemental sulfur concentrations �𝜇𝜇_𝜇𝜇𝜇𝜇𝐴𝐴
𝐿𝐿𝑆𝑆𝑏𝑏𝑆𝑆0
� vs. the specific TS 




128Figure 6.6.2.c: Actual vs. Simulated Elemental Sulfur Utilisation rate by bS0 activity 
 
Where the dotted line represents the simulation results of the application of Equation E 6.6.2.e. 
From visual inspection of Figure 6.6.2.c, it can be concluded that the trend of the simulated results 
closely matches the trend the measured values. Equation E 6.6.2.e, in its Haldane form, also 
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6.7. Reaction kinetics of the GL-BSR integrated system 
The sulfate-reducing bacteria (SRB) activity was observed in both the CSTR and GL integrated 
systems. However, the stripping of H2S from the GL integrated system, which proceeded at a 
significantly faster rate than that of the SOB activity, prohibited sulfide and sulfur oxidation from 
occurring in the GL integrated system. As such, the BSR processes are common to both systems 
but the modelling of the GL integrated system includes other processes downstream within its 
integrated process flow that require modelling to describe this system. (Sections 3.2.1.1) 
 
The stripped H2S gas was transported downstream to the H2S gas reactive absorption unit (ABS) 
where H2S gas was absorbed and transformed to elemental sulfur. This S0 was produced in an 
electron transfer reaction where 2 moles of Fe3+ gains 2 e- from 1 mole S2- to produce 2 moles of 
Fe2+. The formation and precipitation of FeCO3 was an unexpected reaction that was the result of 
the presence of CO2 within the ABS unit, which is the carrier gas or component stripped from the 
BSR reactor. The consumed Fe2+ was transported to the aerobic biological oxidation reaction unit 
where Fe3+ was regenerated by iron-oxidising bacteria. This process is described in detail in 
Sections 2.6.3.7 and 3.2.1.1.  
 
6.7.1. H2S and CO2 liquid-gas mass transfer modellings  
The GL-BSR unit was operated under CO2 and N2 gas stripping conditions. Dissolved H2S and CO2 
were stripped from the aqueous phase to the gas phase of the GL-BSR unit operated with either 
CO2 or N2 gas as the carrier gas. The use of N2 gas as the carrier/stripping gas represents the use 
of an insoluble gas to strip H2S and CO2 from its dissolved phase to its gas phase, as described in 
Section 2.5.3.9. Alternatively, the use of CO2 gas as the stripping/carrier gas represents the use of 
a soluble gas to, i) saturate the aqueous phase with dissolved CO2, and ii) strip H2S gas from its 
dissolved phase to its gas phase and as such removes H2S from the aqueous environment. Figure 
6.6.1.a shows the solubility of N2, H2S and CO2 in an aqueous phase at various water temperatures. 
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129Figure 6.7.1.a: Temperature based water solubility chart for N2, H2S and CO2 published by 
Engineering-ToolBox, (2008). 
 
From Figure 6.7.1.a, particularly the plot of N2, it can be read that the water solubility of N2-gas at 
35oC is about 13mg/l. Thus, N2-gas can be considered as relatively insoluble in water as compared 
with H2S and CO2, at the same temperature, which are about 2600mgH2S/l and 1100mgCO2/l, 
respectively.  
 
The gas-liquid phase mass transfer rate for H2S stripping from the GL-BSR system in the present 
study is described based on the amended two-film theory reported by Lewis-Whitman (1923). The 
extension of the two-film theory developed by Danckwerts (1951) to allow surface renewal 
commonly used in activated sludge aeration studies is applied in the present study to describe the 
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gas-liquid mass transfer of H2S and CO2 gases from the GL-BSR reactor. Equations E 6.7.a and 




= 𝐾𝐾𝜇𝜇_𝜇𝜇2𝜇𝜇�𝐶𝐶𝜇𝜇𝐻𝐻2𝑆𝑆 − 𝐶𝐶𝜇𝜇𝑆𝑆𝑎𝑎𝐶𝐶_𝐻𝐻2𝑆𝑆�       (E 6.7.1.a) 
  𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶2
𝑑𝑑𝜇𝜇
= 𝐾𝐾𝜇𝜇_𝐶𝐶𝜇𝜇2�𝐶𝐶𝜇𝜇𝐶𝐶𝐶𝐶2 − 𝐶𝐶𝜇𝜇𝑆𝑆𝑎𝑎𝐶𝐶_𝐶𝐶𝐶𝐶2�       (E 6.7.1.b) 
 
Where the values of the maximum mass transfer coefficients KL_H2S and KL_CO2, used in the present 
study, were determined to be 5.6x10-5 s-1 and 7.5x10-4 s-1, respectively. In this study, the rate of 
H2S removal from the GL-BSR system was determined by measuring the change in the Ferric 
spend, based in the reduction in Fe3+ concentration in the ABS system with time. Loewenthal et al. 
(2008) conducted some evaluation experiments to assess the rate of absorption and reaction of 
H2S in an aqueous Fe3+ solution. They reported the diffusivity of H2S gas (KL_H2S ) as 8.3x10-4 s-1in 
the pH range of 2.6–7. The diffusivity constant for CO2 gas was reported at 2.4 x 10-8  at the same 
pH range. The validation of these mass transfer coefficients was limited by the rate of production 
of H2S and CO2 from the SRB mediated reactions in the aqueous BSR environment of the GL 
reactor.  
 
6.7.2. Elemental sulfur and FeCO3 precipitation rates in the reactive absorption 
unit  
A review of the literature, Sections 2.5.2 and 2.8.2.7, and the stoichiometry reaction explained in 
Section 5.2.2.4 describe the recovery of elemental sulfur (S0) and aqueous ferrous (Fe2+), from 
dissolved H2S and aqueous ferric (Fe3+) (as given by Equation E5.2.2.e.). However, the formation 
of ferrous carbonate (FeCO3) precipitant in the H2S reactive absorption unit was determined using 
X-Ray diffraction (XRD) analysis. This was determined when the filtered and dried samples of the 
solid products from the ABS unit were analysed to determine if the product was elemental sulfur 
as described in the literature. The precipitation of FeCO3 was made possible due to the presence 
of CO2 gas transported with H2S gas from the GL-BSR system and dissolving in the aqueous 
medium of the ABS reactor.  
 
In Chapter 5, four processes were specified for the H2S reactive absorption unit (see Table 5.4.1.c). 
Two of these processes refer to the gas-liquid mass transfer of H2S and CO2 gases to the aqueous 
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phase of the ABS reactor. The H2S gas to liquid mass transfer process and aqueous H2S reaction 
rate to produce elemental sulfur is significantly faster than the rate of FeCO3 precipitation in the 
ABS unit. Ebrahimi et al (2003) reported the reaction rate equation describing H2S utilisation as 





= 𝒌𝒌𝟐𝟐𝒊𝒊𝒎𝒎_𝑯𝑯𝟐𝟐𝑺𝑺 ∗ 𝑺𝑺𝑺𝑺,𝑯𝑯𝟐𝟐𝑺𝑺 ∗ 𝑺𝑺𝑺𝑺,𝑭𝑭𝑭𝑭𝟑𝟑      (E 6.7.2.a) 
 
Where rH2S has the unit 1/s. SS,H2S is the molar concentration of H2S (mol/l) in the aqueous phase; 
SS,Fe3 the molar concentration (mol/l) of the ferric in solution; k2nd_H2S the 2nd order reaction rate 
constant given as 1.7 x 1018 m3/kmol.s. Also, Gholami et al. (2009) reported that the rate of H2S 
absorption and reaction at very low concentrations still occurred at rates faster than 3 minutes. 
This is shown in Figure 6.7.2.a, which is sourced from Gholami et al. (2009). 
 
 
130Figure 6.7.2A: Concentration profile for absorption H2S as amended from Khan et al. (2011) 
 
The rate of the dissolved hydrogen sulfide utilisation kinetics is converted to per day (1/d) in 
uniformity with the other rate kinetic equations for SRB, SOB and bS0 activities in the Gujer Matrix. 
This results in Equation E 6.7.2.a being described in the form of Equation E 6.7.2.b below:  
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      (E 6.7.2.b) 
 
Where rH2S has the unit 1/s, 
 
The reaction rate kinetics of FeCO3 precipitation is much slower than the reaction rate of S0 
formation process in the ABS unit. These S0 and FeCO3 precipitants were removed from the ABS 
unit by filtration. The filtration unit was installed in-line at the outlet of the ABS unit. Musvoto et al. 
(1997) and Kazadi-Mbamba et al. (2015a) studied and modelled the formation of CaCO3 as 
presented in Section 2.8.2. The rate of formation of FeCO3 in the present study follows that used 
for modelling CaCO3 described in Section 2.8.2. The rate of FeCO3 formation is given by Equation 









   (E 
6.7.2.c) 
 
where the second order rate constant for FeCO3 formation krFeCO3  is 1.266 d-1 (Jimenez-Lopez et 
al., 2004; Golubev et al., 2009) and solubility product constant KspFeCO3 is 13 x 10-11 mol2/l2at 25oC 
as presented in Table 2.5.2.A (Silva et al., 2002; Sun et al., 2009). The precipitation rate for FeCO3 
has the unit mol/l.d, and the rate constant is d-1.  
 
112Table 6.7.2.a: Results of FeCO3 precipitation and % of FeCO3 in dried solid (S0 + FeCO3) 
HRT 
CO2 N2 
mg/l.d % of S0+ FeCO3 mg/l.d % of S0+ FeCO3 
2,5/2500 261,30 8,44% 289,47 9,2% 
5/2500 165,55 6,75% 152,05 6,8% 
10/2500 55,95 3,98% 64,56 4,6% 
15/2500 36,62 2,66% 25,51 2,6% 
          
2,5/5000 460,37 10,65% 453,80 11,7% 
5/5000 411,59 10,71% 400,67 10,7% 
10/5000 158,13 6,98% 169,32 7,2% 
15/5000 153,42 5,16% 109,85 5,7% 
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Based on the literature review of FeCO3 precipitation and results of the measurements of elemental 
sulfur, it was estimated that FeCO3 makes up between 2.6–11.7% of the solid product from the 
ABS unit. Further research into the precipitation of FeCO3 is needed to confirm these results, which 
is outside of the scope of the present research. 
 
6.8. Ferrous bio-oxidation reaction rates 
The reaction rates describing the biologically mediated oxidation of aqueous ferrous ions to ferric 
ions are the main outcomes of this section. The reaction stoichiometry and other supporting 
literature were reviewed in Sections 2.7.2 and 2.8.2.4, and the reaction stoichiometry described in 
Section 5.3.4. Determining the best-fit kinetic equation and estimating the rate constants describing 
ferrous utilisation reaction rate follow the same procedure used to determine the COD substrate 
utilisation reaction rate equations and kinetic constants described in Section 6.2. above. In the 
current study, however, Leptospirillum ferriphilum sp. (X_bFe2) was the biomass that mediated the 
oxidation reaction in the experimental part.  
 
6.8.1. Datasets used to determine ferrous utilisation rate equation and kinetic 
constants 
The experimental data collected from the Fe2+ bio-oxidation CSTR reactor are used in this section 
to determine the best-fit kinetic equation and estimating the rate constants describing the ferrous 
utilisation rate. To prototype model the ferrous substrate utilisation rate measured and calculated 
values, the following were required, i) the measured influent and effluent aqueous ferrous 
concentrations, ii) the measured effluent total iron aqueous concentrations, and iii) the calculated 
effluent aqueous ferric iron concentrations. As state in Section 3.2.2.3, the Fe2+ bio-oxidation unit 
was only fed an aqueous ferrous solution, which represents the total iron concentration to the Fe2+ 
bio-oxidation unit. The total iron concentration of the effluent from the bio-oxidation unit equals the 
effluent ferrous concentration, not used in the reactions, plus the effluent ferric concentration, which 
is the product of ferrous bio-oxidation.  
The state variables used during the lab-scale experimental study of the Fe2+ bio-oxidation reactor 
are the feed ferrous concentrations of 5, 10, 15, 20 and 25 gFe/l that correspond to the feed total 
iron concentrations at HRTs of 0.5, 0.75, 1, 2.5, 5 and 10 days. Table 6.8.1.a presents the 
measured influent Fe2+ concentrations fed to the ferrous bio-oxidation reactor.  
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113Table 6.8.1.a: Measured influent ferrous concentrations (gFe/l) (100% Fe2+ mixture) of the 
ferrous bio-oxidation reactor 
HRT (days) 
Influent Iron (Fe) Concentration  
5 10 15 20 25 
0,50 5,020 10,746 15,691 20,908 24,919 
0,75 4,997 10,398 16,180 20,932 24,690 
1,00 4,887 9,651 16,141 19,655 25,349 
2,50 5,375 9,974 15,360 19,914 25,153 
5,00 5,294 10,523 15,455 19,955 24,591 
10,00 5,725 9,856 15,011 20,269 24,623 
 
114Table 6.8.1.b Measured effluent Fe2+ concentrations of the ferrous bio-oxidation reactor 
HRT (days) 
Influent Iron (Fe) Concentration  
5 10 15 20 25 
0,50 0,553 3,018 6,355 11,321 15,286 
0,75 0,140 1,257 3,993 7,930 11,270 
1,00 0,081 0,298 2,250 5,212 9,181 
2,50 0,050 0,078 0,132 0,951 2,846 
5,00 0,027 0,056 0,055 0,159 0,602 
10,00 0,025 0,037 0,044 0,122 0,345 
 
115Table 6.8.1.c: Measured effluent total iron concentration (gFe/l)  
HRT (days) 
Total Iron Concentration  
5 10 15 20 25 
0,5 5,115 10,864 15,942 20,797 25,018 
0,75 5,037 10,242 16,245 20,702 24,616 
1 4,843 9,787 15,963 19,812 25,374 
2,5 5,439 9,932 15,114 19,934 25,278 
5 5,215 10,291 15,362 20,015 24,542 
10 5,541 9,815 15,086 20,208 24,500 
 
The difference of the measured aqueous effluent total iron and effluent ferrous iron concentrations 
is the effluent ferric iron concentration. This is given in Table 6.8.1.d below.  
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116Table 6.8.1.d: Calculated effluent aqueous ferric concentration (gFe/l) 
HRT (days) 
Total Iron Concentration  
5 10 15 20 25 
0,5 4,562 7,846 9,586 9,586 9,733 
0,75 4,896 8,986 12,252 12,252 13,346 
1 4,762 9,488 13,713 13,713 16,193 
2,5 5,389 9,854 14,982 14,982 22,432 
5 5,188 10,235 15,307 15,307 23,939 
10 5,516 9,778 15,042 15,042 24,310 
 
6.8.2. Determination of the volumetric and specific Fe2+ substrate utilisation rates 
The procedure followed in this section to determine the specific ferrous utilisation rate � 𝜇𝜇𝑏𝑏𝐴𝐴2
𝐿𝐿𝑏𝑏𝑏𝑏𝐴𝐴2
� is 
similar to the specific COD substrate utilisation procedure described in Section 6.5.1. However, 
there are changes in the selection of a best-fit rate equation. This is guided by the literature 
reviewed pointing towards the selection of rate equations like the Haldane rate equation.  
The procedure for Leptospirillum ferriphilum sp. biomass activity is as follow:  
i. Firstly, the concentration of ferrous utilised (S_Fe2u) is considered to be equal to the ferric 
produced (in mgFe/l units) given that the experimental study used aqueous ferrous solutions 
as the feed component to the Fe2+ bio-oxidation reactor unit. As such, the quantity of ferrous 
utilised equals the ferric produced as described in Equation E6.8.2.a below: 
 
𝑆𝑆_𝐹𝐹𝐹𝐹2𝜇𝜇 =  𝑆𝑆_𝐹𝐹𝐹𝐹3𝑀𝑀          (E.6.8.2.a) 
 
Where S_Fe3e can be found in Table 6.8.2.d. 
ii. Secondly, the Leptospirillum ferriphilum sp. biomass concentration (X_bFe2) for each 
experimental run is determined as given by equation E.6.8.2.b below: 
 
𝑋𝑋𝜇𝜇𝐹𝐹𝑀𝑀2 =  
𝑌𝑌𝑏𝑏𝑏𝑏𝐴𝐴2∗𝜇𝜇_𝐹𝐹𝑀𝑀2𝑢𝑢
1+b𝑏𝑏𝑏𝑏𝐴𝐴2∗HRT∗(1−𝑌𝑌𝑏𝑏𝑏𝑏𝐴𝐴2)
       (E.6.8.2.b) 
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Where YbFe2 is as presented in Table 5.3.d in Section 5.2.6. and bbFe2 values are presented 
in Table 6.8.2.b below.  
 
117Table 6.8.2.a: The Yield Coefficients and Decay Rates for the X_Fe2 
XbFe2 units Value 
YbFe2 gCOD/g 0.00319 
bbFe2 d-1 0.02 
 
iii. Thirdly, the volumetric ferrous utilisation rate (rFe2) for each Fe2+ feed mixture concentration 
is described by Equation E.6.8.2.c below: 
 
𝑃𝑃𝐹𝐹𝑀𝑀2 =  
𝜇𝜇𝑏𝑏𝐴𝐴2𝑢𝑢
HRT
         (E.6.8.2.c) 
 
iv. Fourthly, the values of the effluent specific ferrous concentration �𝜇𝜇_𝐹𝐹𝑀𝑀2𝐴𝐴
𝐿𝐿𝑏𝑏𝑏𝑏𝐴𝐴2
� and specific ferrous 




118Table 6.8.2.b Results of S_Fe2e, S_Fe2u, XbFe2, rFe2 determined for the reactor fed a 
whole iron solution at the concentration of 5gFe/l 
HRT              
(days) 
Ferrous Feed Mixture as Total Fe Conc.  =  5 gFe/l 





10 0,025 5,516 0,015 0,552 1,71 37,7 
5 0,027 5,188 0,015 1,038 1,81 69,1 
2,5 0,050 5,389 0,016 2,156 3,08 131,8 
1 0,081 4,762 0,015 4,762 5,48 320,2 
0,75 0,140 4,896 0,015 6,529 9,14 424,9 
0,5 0,553 4,562 0,014 9,124 38,43 634,2 
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119Table 6.8.2.c Results of S_Fe2e, S_Fe2u, XbFe2, rFe2 determined for the reactor fed a 
whole iron solution at the concentration of 10gFe/l 
HRT              
(days) 
Experimental run based on Feed 
Mixture as 
Total Fe 
Conc.  =  10 gFe/l 





10 0,037 9,778 0,026 0,98 1,42 37,66 
5 0,056 10,235 0,030 2,05 1,89 69,05 
2,5 0,078 9,854 0,030 3,94 2,60 131,85 
1 0,298 9,488 0,030 9,49 10,06 320,23 
0,75 1,257 8,986 0,028 11,98 44,56 424,89 
0,5 3,018 7,846 0,025 15,69 121,97 634,20 
 
120Table 6.8.2.d: Specific ferrous utilisation rate vs. Specific effluent Fe2+ concentration 
for the Fe2+ bio-oxidation unit fed at 15gFe/l 
HRT              
(days) 
Experimental run based on Feed 
Mixture as 
Total Fe Conc.  
= 15 gFe/l 




10 0,044 15,042 0,040 1,504 1,108 37,657 
5 0,055 15,307 0,044 3,061 1,247 69,054 
2,5 0,132 14,982 0,045 5,993 2,909 131,848 
1 2,250 13,713 0,043 13,713 52,547 320,231 
0,75 3,993 12,252 0,038 16,337 103,842 424,888 
0,5 6,355 9,586 0,030 19,173 210,227 634,203 
 
121Table 6.8.2.e Results of S_Fe2e, S_Fe2u, XbFe2, rFe2 determined for the reactor fed a 
whole iron solution at the concentration of 20gFe/l 
HRT              
(days) 
Experimental run based on Feed 
Mixture as 
Total Fe 
Conc.  =  20 gFe/l 





10 0,122 20,086 0,053 2,009 2,284 37,657 
5 0,159 19,855 0,058 3,971 2,770 69,054 
2,5 0,951 18,982 0,058 7,593 16,521 131,848 
1 5,212 14,600 0,046 14,600 114,318 320,231 
0,75 7,930 12,772 0,040 17,029 197,859 424,888 
0,5 11,321 9,477 0,030 18,953 378,804 634,203 
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122Table 6.8.2.f Results of S_Fe2e, S_Fe2u, XbFe2, rFe2 determined for the reactor fed a 
whole iron solution at the concentration of 25gFe/l 
HRT              
(days) 
Experimental run based on Feed 
Mixture as 
Total Fe 
Conc.  = 25 gFe/l 




10 0,345 24,655 0,065 2,427 5,303 37,295 
5 0,602 23,939 0,069 4,788 8,689 69,054 
2,5 2,846 22,731 0,068 8,973 41,819 131,848 
1 9,181 16,193 0,051 16,193 181,562 320,231 
0,75 11,270 13,346 0,042 17,795 269,094 424,888 
0,5 15,286 9,733 0,031 19,466 498,016 634,203 
 
Figure 6.8.2.a presents the specific ferrous utilisation rate ( 𝜇𝜇𝑏𝑏𝐴𝐴2
𝐿𝐿𝑏𝑏𝑏𝑏𝐴𝐴2
) vs. Effluent specific ferrous 
concentration 𝜇𝜇_𝐹𝐹𝑀𝑀2𝐴𝐴
𝐿𝐿𝑏𝑏𝑏𝑏𝐴𝐴2
 using the datasets from Tables 6.8.3.g to k.  
 
131Figure 6.8.2.a: Specific Ferrous Utilisation rate Fe2+ Bio-oxidation unit 
 
The plots presenting the specific ferrous utilisation rates of the Fe2+ bio-oxidation unit show that 
substrate inhibited the ferrous utilisation rate. The utilisation rate of Leptospirillum ferriphilum sp. 
(X_bFe2) is reduced at higher concentrations of the ferrous substrate fed to the reactor. Therefore, 
an inhibition rate factor for Fe2+ utilisation is included in the rate equation to prototype model this 
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6.8.3. Determination of the ferrous rate inhibition factor and kinetic parameters 
The mathematical expressions describing substrate inhibition for the variable feed concentrations 
of 5, 10, 15, 20 and 25gFe/l are determined using the Matlab ® Curve Fitting Toolbox. This is done 
using the plots for the measured effluent ferrous concentration vs. the inhibition constant Ki_Fe2 
for each HRT state variable. The measure effluent Fe2+ concentrations vs. the inhibition constants 
are shown in Table 6.8.4.a below. 
 
123Table 6.8.4.a: Rate Inhibition parameter (ki_Fe2) vs. Effluent Fe2+ concentrations 
Si_Fe2 HRT (days) Ki 
0,5 0,75 1 2,5 5 10 
5 0,5528 0,0694 0,0814 0,0504 0,0272 0,0251 0,9948 
10 3,0180 0,0185 0,2981 0,0778 0,0561 0,0370 0,7622 
15 6,3554 0,0044 2,2502 0,1322 0,0553 0,0443 0,5397 
20 11,3207 0,0019 5,2121 0,9514 0,1593 0,1218 0,4502 
25 15,2856 0,0012 9,1810 2,8460 0,6025 0,3450 0,3812 
 
The values of the ferrous utilisation rate inhibition parameters (ki_Fe2) presented in Table 6.8.4.a 
are plotted against the effluent ferrous concentrations (S_Fee). The plots are shown in Figure 
6.8.4.a below.  
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From visual inspection of the rate inhibition plots, it can be concluded that the rate of ferrous 
utilisation is mostly inhibited at high feed ferrous concentrations. The differences in inhibition at the 
different HRTs require the utilisation rate for ferrous to be described by a prototype model that 
considers an inhibition mathematical expression that includes S_Fe2e and HRT. The development 
of such a prototype model uses the approach described in Section 6.5.5. using Matlab ® Curve 
Fitting Toolbox to determine the best-fit equation describing all the inhibition plots. This best-fit 
equation describing ferrous rate inhibition is given by Equation E 6.8.4.a below.  
 
𝐴𝐴𝑖𝑖_𝐹𝐹𝑀𝑀2 = �0.001 + 0.0923𝐹𝐹�−𝑆𝑆𝐹𝐹𝐹𝐹2𝐹𝐹∗𝐴𝐴_𝐻𝐻𝑅𝑅𝐴𝐴��      (E 6.8.4.a) 
 
The format of the rate inhibition Equation E 6.8.4.a was adapted from the work of Han and 
Levenspiel (1987). The inhibition parameter of the ferrous utilisation rate is subject to the hydraulic 
retention time (HRT) of the reactor. These values are given in Figure 6.8.4.b below.  
 
 
133Figure 6.8.4.b: Estimated  HRT function of the inhibition parameter 
 
Figure 6.8.4.b is used to determine the relation of ki_Fe to the HRT of the Fe2+ utilisation rate of the 
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Subsequently, Equations E6.8.4.a and b are introduced into Equation E6.8.3.a to replace the 
inhibition constant Ki_Fe2. This results in the Fe2+ utilisation rate equation that includes an 
inhibition mathematical expression that is subject to changes in effluent ferrous concentrations and 
changes in the HRT of the operating system. The resulting Fe2+ utilisation rate equation that 





















KFe2  +  �
S_Fe2𝐴𝐴

























  (E 6.8.4.c) 
 
After using the ferrous utilisation rate equation, Equation E6.8.4.c, for the ferrous feed 
concentrations 5, 10, 15, 20 and 25 g/l, the results of simulation vs. actual measurements were 
plotted as presented in Figure 6.8.4.c. These simulation results were obtained using the kinetic 
parameters Km_Fe2 = 792gFe2+/g.d (Ojumu and Petersen, 2010) and KFe2 = 356 to 1.144 (Nemati and 
Webb, 1996).  
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134Figure 6.8.4.c: Implementation of prototype model describing the Spec. Ferrous Utilisation rate 
vs. Spec. Effluent Ferrous 
 
From visual inspection of Figure  6.8.4.c, it can be deduced that higher ferrous concentrations in 
the bio-reactor aqueous environment result in increased inhibitions on the activity of Leptospirillum 
ferriphilum sp. Thus, an increase in inhibition causes a reduction in biomass activity and results in 
reduced ferrous utilisation rates.  
 
6.9. Death regeneration approach reaction rate kinetics 
The death regeneration approach of Dold et al. (1980), described in Section 5.2.7., was selected 
as the method for modelling the death and lysis of all active biomass. This applies to processes 15 






























20 25 CSTR(Sim_BioOx)  =  5,00
CSTR(Sim_BioOx)  =  10,00 CSTR(Sim_BioOx)  =  15,00 CSTR(Sim_BioOx)  =  20,00
CSTR(Sim_BioOx)  =  25,00
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124Table 6.9.a: Death and lysis of Biomass to BPO 





Decay and Disintegration of X_bVa 
16 Decay and Disintegration of X_bBu 
17 Decay and Disintegration of X_bpro 
18 Decay and Disintegration of X_bAc 
19 Decay and Disintegration of X_bH2 
20 Decay and Disintegration of X_SOB 
21 Decay and Disintegration of X_bS0 
22 Decay and Disintegration of X_bFe2 
 
Dold et al. (1980) and Ikumi et al. (2011) described the rate of biodegradable substrate, which is 
biodegradable organic particulate (BPO), production from the organism death as given by equation 




= �1 −  ƒ𝑅𝑅𝐷𝐷_𝑈𝑈𝜇𝜇𝜇𝜇′ �(𝑝𝑝′ 𝑋𝑋𝜇𝜇)       (E 6.9.a) 
 
Where the fraction of unbiodegradable particulate organics produced from death regeneration 
(ƒRD_UPO) that adds to the endogenous residue is 0.08g/g. Thus, the remainder, i.e. 1 - ƒRD_UPO, is 
BPO. Also, b’ is the specific organism death rate (d-1) and Xb the specific active microorganic 
involved in the death process.  
 
125Table 6.9.b: Hydrolysis and Acidogenesis of BPO to S_S 
Processes (j)   ↓ 
23 Death Regeneration Approach Hydrolysis and fermentation of BPO 
 
The final steps is the death regeneration approach of the hydrolysis of the complex biodegradable 
particulate organic substrate to glucose. The glucose is degraded to VFAs by acidogenic bacteria. 
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The modelling of the reaction rates of hydrolysis and acidogenesis was done in several studies. 




















6.10. Summary of rate equations and kinetic parameters used in the 
prototype model 
The reaction rate equations described in this chapter were derived mostly by means of estimation 
exercises using the datasets generated during the experimental study of this work and applying 
suitable rate equation from literature fit for purpose to estimate the best-fit curve fitting. This was 
done using nonlinear least square methods curve fitting, with Matlab® Curve Fitting Toolbox, to 
perform these curve-fitting exercises. This best fit was determine based on the highest coefficient 
of proportion of the variance for a dependent variable (r-squared). A summary of the most suitable 
reaction rate equations determined for each process is presented in Tables 6.10.a to f below.  
126Table 6.10.a: Parameter names, symbols and units (Part 1) 
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 Soluble biodegradable 
organics Valerate SVa S_S,Va g COD.m
-3   
 Soluble biodegradable 
organics Butyrate SBu S_S,Bu g COD.m
-3   
 Soluble biodegradable 
organics Propionate SPr S_S,Pr g COD.m
-3   
 Soluble biodegradable 
organics Acetate SVFA S_S,VFA g COD.m
-3   
 Soluble _Hydrogen SH2 S_S,H2 g.m-3   
 Soluble biodegradable 
organics Glucose SGlu S_S,Glu g.m
-3   
 Soluble _Sulfate SSO4 S_S,SO4 gSO4.m-3   
 Soluble _Ammonia  SNH S_S,NH4 g.m-3   
 Soluble _Inorganic Carbon SCO3 S_S,CO3 g.m-3   
 Soluble _Hydrogen Sulfide SHS S_S,HS g.m-3   
 Soluble _Ferric SFe2 S_S,Fe2 g.m-3   
 Soluble _Ferrous SFe3 S_S,Fe3 g.m-3   
 Soluble _Polysulfide SPO4 S_S,PO4 g.m-3   
 Dissolved oxygen SO S_S,O2 g.m-3   
 Soluble _Ionized Hydrogen SPO4 S_S,PO4 g.m-3   
 Soluble _Hydroxyl SPO4 S_S,PO4 g.m-3   
 Water SPO4 SS,PO4 g.m-3   
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127Table 6.10.a: Parameter names, symbols and units (Part 2) 
 
































Xb,H2 Xb,Va gCOD.m-3  
 Particulate _SOB XSOB Xb,SOB g.m-3  
 Particulate _Sulfur 
utilisers Xb,S0 Xb,Va g.m
-3  
 Particulate _Ferrous 
utilisers Xb,Fe2 Xb,Fe2 g.m
-3  
 Particulate 









XUPO Xu,po g.m-3  
 Particulate _FeCO3 XFeCO3 Xu,FeCO3 g.m-3  
 Particulate _Ferrous 
utilisers Xb,Fe2 Xb,Fe2 g.m
-3  
 Gaseous _H2S GH2S GH2S g.m-3  
 Gaseous _CO2 GCO2 GCO2 g.m-3  
 Gaseous _N2 GN2 GN2 g.m-3  
 Gaseous _O2 GO2 GO2 g.m-3  
 
 Total Polysulfide + 
S0 concentration in 
solution 
ST_Sn    g.m-3  
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Maximum specific valerate  
utilisation rate constant km,SRB,Va g COD.g XSRB
-1.d-1 3.5  
estimated 
Maximum specific butyrate 
utilisation rate constant km,SRB,Bu g COD.g XSRB
-1.d-1 13.5  
estimated 
Maximum specific 
hygrogen utilisation rate 
constant 
km,SRB,H2 g COD.g XbH2-1.d-1 10.46  
Literature Which 
Maximum specific H2S 
utilisation rate constant km,SOB g COD.g XSOB
-1.d-1 5.944  
Maximum specific S0 
utilisation rate constant km,bS0 g COD.g XbS0
-1.d-1 7.42  
Maximum specific Ferrous 
utilisation rate constant km,bFe2 g COD.g XbFe2
-1.d-1 794   
Valerate growth coefficient 
for Xb,Va Kc,SRB,Va 
gCOD.m-3 0.48  
Butyrate growth coefficient 
for Xb,Bu Kc,SRB,Bu 
gCOD.m-3 2.5  
Hydrogen Half-saturation 
coefficient for Xb,H2 Ks,SRB,H2 
g.m-3 4.2  
Hydrogen Half-saturation 
coefficient for XSOB Ks,SOB 
g.m-3 2.743  
Hydrogen Half-saturation 
coefficient for XbS0 KS,bS0 
g.m-3 0.451  
Hydrogen Half-saturation 
coefficient for Xb,Fe2 KS,Fe2 
g.m-3 1  
Sulfate Half-saturation 
coefficient for Xb,Va 
KSO4,SRB,V
a 
gSO42-.m-3  0.45  
Sulfate Half-saturation 












coefficient for Xb,SOB KO,SOB 
gO2.m-3 3.26  
Oxygen Half-saturation 
coefficient for Xb,bS0 KO,bS0 
gO2.m-3 66.67  
Oxygen Half-saturation 
coefficient for Xb,bFe2 KO,Fe2 
gO2.m-3 3.5  
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Total Inhibition rate mode 
constant _GL CO2 KI,GL_CO2 
  K_I_T_GLC
O2   
0.991
4 
Total Inhibition rate mode 
constant _GL N2 KI,GL_N2  K_I_T_GLN2   1 
Total Inhibition rate mode 
constant _GL CSTR KI,CSTR   K_I_T_CST   
0.296
8 
Total Inhibition constant for 
bS0  Ki,bS0     
0.033
9 
Second order rate constant 
for FeCO3 formation  kcryst,FeCO3   g XCB.g XOHO
-1.d-1 1.266 
first order decay rate for 
valerate  utilising biomass 
death kd,bVa   d-1 
0.015 
first order decay rate for 
butyrate utilising biomass 
death kd,bBu   d-1  0.02 
first order decay rate for 
propionate utilising 
biomass death kd,bPr   d-1  0.02 
first order decay rate for 
acetate utilising biomass 
death kd,bvfa   d-1  0.02 
first order decay rate for 
hydrogen utilising biomass 
death kd,bH2   d-1 0.02  
first order decay rate for 
SOB biomass death kd,SOB   d-1  0.02 
first order decay rate for 
sulfur utilising biomass 
death kd,bS0   d-1  0.02 
first order decay rate for 
ferrous utilising biomass 
death kd,bFe2   d-1  0.02 
liquid-gas transfer 
coefficient for CO2 in 




coefficient for H2S in 
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  Parameter Name Parameter ** Standardised notation unit Value* T=20°C 
 Max. inhibition H2S concentration  SH2S_Max.   g.m-3 0.125 
 Molar mass FeCO3 MMFeCO3   g.m-3 116 
 Solubility Product Constant for 
FeCO3 
pKsp_FeCO3   g.m-3 13 x 10-11 
 Imaginary weak acid-base 
equilibrium constant for polyS to 
S0 
pKsn1     7.5 
 Imaginary weak acid-base 
equilibrium constant for S0 to 
polyS 
pKsn2     7.5 
 
Yield Coefficient for bVa Yva   g.gCOD-1 0.075 
 
Yield Coefficient for bBu Ybu   g.gCOD-1 0.05 
 
Yield Coefficient for bSOB YSOB  g.g-1 0.09 
 
Yield Coefficient for bS0 YbS0  g.g-1 0.38 
 
Yield Coefficient for bFe2 YbFe2  g.g-1 0.0032 
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131Table 6.10.b : The Reaction rate equations for the SRB mediated processes 
Processes (j)   ↓ Rate Equations 











� 𝑳𝑳𝒃𝒃,𝑽𝑽𝑽𝑽. 𝒇𝒇𝑻𝑻,𝑺𝑺 











� 𝑳𝑳𝒃𝒃,𝑩𝑩𝑩𝑩. 𝒇𝒇𝑻𝑻,𝑺𝑺 











� 𝑳𝑳𝒃𝒃,𝑷𝑷𝒐𝒐. 𝒇𝒇𝑻𝑻,𝑺𝑺 











� 𝑳𝑳𝒃𝒃,𝑰𝑰𝑨𝑨. 𝒇𝒇𝑻𝑻,𝑺𝑺 











� 𝑳𝑳𝒃𝒃,𝑯𝑯𝟐𝟐. 𝒇𝒇𝑻𝑻,𝑺𝑺 
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132Table 6.10.c : Liquid to Gas mass transfer processes for CO2, H2S and Oxygen 
Processes (j)   ↓ Rate Equations 
6 N2 Gas Stripping_H2S aq to gas phase 𝑆𝑆𝑝𝑝𝐴𝐴𝑡𝑡𝑐𝑐ℎ𝑁𝑁2 𝑝𝑝𝜇𝜇 𝐶𝐶𝜇𝜇2 ∗ �𝐾𝐾𝜇𝜇𝜇𝜇∗𝜇𝜇2𝜇𝜇� 𝑆𝑆𝜇𝜇𝜇𝜇𝑅𝑅_𝜇𝜇2𝜇𝜇 −   𝑆𝑆𝜇𝜇𝜇𝜇𝜇𝜇__𝜇𝜇2𝜇𝜇�� 
7 N2 Gas Stripping_CO2 aq to gas phase 𝑆𝑆𝑝𝑝𝐴𝐴𝑡𝑡𝑐𝑐ℎ𝑁𝑁2 𝑝𝑝𝜇𝜇 𝐶𝐶𝜇𝜇2 ∗ �𝐾𝐾𝜇𝜇𝜇𝜇∗𝐶𝐶𝜇𝜇2� 𝑆𝑆𝜇𝜇𝜇𝜇𝑅𝑅_𝐶𝐶𝜇𝜇2 −   𝑆𝑆𝜇𝜇𝜇𝜇𝜇𝜇__𝐶𝐶𝜇𝜇2�� 
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133Table 6.10.d : Liquid to Gas mass transfer processes for CO2, H2S and Oxygen 
Processes (j)   ↓ Rate Equations 
8 Reactive Absorption of H2S to produce S0 (in Fe3+ to Fe2+) 𝒐𝒐𝑯𝑯𝟐𝟐𝑺𝑺 = 𝒐𝒐𝑺𝑺𝟎𝟎 = 𝟏𝟏𝟎𝟎. 𝟖𝟖𝟏𝟏𝟓𝟓 ∗ 𝑭𝑭𝑯𝑯𝟐𝟐𝑺𝑺 ∗ 𝑭𝑭𝑭𝑭𝑭𝑭𝟑𝟑 
















� ∗ 𝑴𝑴𝑴𝑴𝑭𝑭𝑭𝑭𝑭𝑭𝑶𝑶𝟑𝟑 



















KFe2   +   �
S_Fe2𝑀𝑀
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134Table 6.10.e : Sulfide and Elemental Sulfur oxidation processes 
Processes (j)   ↓ Rate Equations 
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135Table 6.10.f : Death Regeneration Approach: decay, disintegration, hydrolysis and acidogenesis 
Processes   ↓  Rate Equations 
15 Decay and Disintegration of X_bVa 𝐤𝐤𝐢𝐢,𝐕𝐕𝐢𝐢. 𝐗𝐗𝐛𝐛,𝐕𝐕𝐢𝐢 
16 Decay and Disintegration of X_bBu 𝐤𝐤𝐢𝐢,𝐁𝐁𝐁𝐁. 𝐗𝐗𝐛𝐛,𝐁𝐁𝐁𝐁 
17 Decay and Disintegration of X_bPr 𝐤𝐤𝐢𝐢,𝐩𝐩𝐢𝐢. 𝐗𝐗𝐛𝐛,𝐩𝐩𝐢𝐢 
18 Decay and Disintegration of X_VFA 𝐤𝐤𝐢𝐢,𝐕𝐕𝐕𝐕𝛍𝛍. 𝐗𝐗𝐛𝐛,𝐕𝐕𝐕𝐕𝛍𝛍 
19 Decay and Disintegration of X_bH2 𝐤𝐤𝐢𝐢,𝐒𝐒𝐎𝐎𝐁𝐁. 𝐗𝐗𝐛𝐛,𝐒𝐒𝐎𝐎𝐁𝐁 
20 Decay and Disintegration of X_SOB 𝐤𝐤𝐢𝐢,𝐛𝐛𝐒𝐒𝟎𝟎. 𝐗𝐗𝐛𝐛,𝐛𝐛𝐒𝐒𝟎𝟎 
21 Decay and Disintegration of X_bS0 𝐤𝐤𝐢𝐢,𝐯𝐯𝐯𝐯𝐢𝐢. 𝐗𝐗𝐛𝐛,𝐯𝐯𝐯𝐯𝐢𝐢 
22 Decay and Disintegration of X_bFe2 𝐤𝐤𝐢𝐢,𝐛𝐛𝐕𝐕𝐢𝐢. 𝐗𝐗𝐛𝐛𝐕𝐕𝐢𝐢 
23 Hydrolysis of BPO Ikumi et al. 2014 
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The current chapter describes the selection and evaluation of the best-fit rate equations and 
parameter estimation of the kinetic constants for SRB, SOB, bS0 and the ferrous oxidation bacteria, 
Leptospirillum ferriphilum sp. The selection process of rate equations and parameter estimations 
were done using the Matlab® Curve Fitting Toolbox. The best-fit kinetic constants for the whole 
organic substrate mixture are Km,SRB = 12.39, Ks,SRB = 1.2 and KSO4, SRB = 0.45. 
 
The reactions rate kinetics for SRB activity were extended to include the utilisation rates for valerate, 
butyrate, propionate and acetate, which are the main organic components of the overall substrate 
COD. These reaction rate equations were further extended to include the inhibitions, either substrate 
based or product concentrations based, on the utilisation rates of SRB, SOB and ferrous oxidation 
bacteria (bFe2).  
 
The current chapter also determined the gas-liquid mass transfer prototype models that were best 
suited for this case study. Further, the chapter also described the selection of the best suited 
precipitation mathematical expression that describes FeCO3 formations. Lastly, the method 
describing decay and lysis was determined to be the death regeneration approach. 
 
Chapter Seven                                                            Prototype Model Evaluation 
 




PRELIMINARY PROTOTYPE MODEL EVALUATION OF USING 
SIMULATION RESULTS VS MEASUREMENTS AND BSR 
SYSTEMS COMPARISONS 
 
In this chapter, preliminary evaluations are performed on the results obtained from the 
implementation of the prototype dynamic model for the GL-BSR integrated and BSR-CSTR systems 
in the DHI WEST ® simulation platform. As state in Section 1.6 and 3.3, the prototype model 
developed in this study still requires further, in-depth, calibrations following modelling protocols 
applying uncertainty analysis and GSA. It should be noted that limited calibration of the kinetic 
parameters was done, and this only to provide the researcher with some idea of whether the 
reaction stoichiometries and selected kinetic equations do provide outcomes that would be 
comparable with the measured data from the experimental setups. As such, limited calibration is 
required to allow the implementation and simulation of the model within the DHI WEST® software. 
This, also, provides the reader with some idea of functionality of this model, all be it not at very high 
accuracy. Further work to conduct intensive calibration of all the parameters is recommended for 
this work in Chapter 8. 
 
7.1. Introduction 
In the current chapter emphasis is placed on evaluating the observed error of the prototype model 
about the activities of sulfate-reducing bacteria (SRB: X_bVa, X_bBu, X_bPr and X_bVFA), sulfide 
oxidation bacteria (X_SOB), sulfur oxidation bacteria(X_bS0) and the ferrous oxidation bacteria 
(X_bFe2), Leptospirillum ferriphilum sp. The error evaluation also includes the physico-chemical 
reaction that occurs in the H2S- gas reactive absorption unit from where the measured and predicted 
effluent ferrous concentrations are analysed. The prototype dynamic model developed in Chapters 
5 and 6 is tested on both the CSTR_BSR and integrated GL_BSR systems to evaluate the error 
innate to the prototype model in describing these two experimental systems.  
 
The SRB mediated reactions stoichiometry that occurs in the CSTR-BSR and GL-BSR systems are 
evaluated based on the error between the measured and predicted values of the effluent COD and 
SO42- concentrations. The COD concentrations can further be subdivided into total effluent COD 
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and effluent COD concentrations of acetate, propionate, butyrate and valerate utilising SRB 
activities. Subsequently, the relative errors between the measured and predicted values of the 
effluent elemental sulfur (S0) concentrations produced are evaluated from the SOB activities. This 
is followed by an evaluation of the sulfate regenerated (S_SO4r), closing the sulfur cycle, by sulfur 
oxidation bacteria (X_bS0) activity. It is at this stage that dissolved H2S is stripped from the GL-
BSR system and transported to the H2S gas reactive absorption unit. The physico-chemical 
reactions for the reduction of aqueous Fe3+ to Fe2+ are also evaluated to determine the error 
between the measured and predict effluent ferrous concentrations. The last evaluation of the 
prototype model relates to the innate error to the ferrous biological oxidation reactor mediated by 
Leptospirillum ferriphilum sp. In this case, the errors of the effluent ferric concentrations between 
the measured and predicted results are evaluated. In the last part of this chapter, a quantities 
comparison between the CSTR-BSR and GL_BSR systems is done.  
 
A rudimentary validation of the components of the prototype model are conducted to evaluate the 
validity and continuity of the reactions included in the model. This is primarily achieve by 
determining the relative error (RE). RE is a simple method of error evaluations using the simulation 
results and the measured results (Kat and Els, 2012).  At this stage the error margins are expected 
to be high and the application of relative error is sufficient at this stage for rudimentary validations 
of this prototype model. 
 
7.2. Evaluation of the overall and component COD and sulfate 
concentration validations for the BSR unit operations  
The performance of the prototype model is assessed with regard to Biological Sulfate Reduction 
(BSR) processes in this section. This is done by comparison studies of the prototype model 
simulation results versus a set of measured data that were not used in the model validation and 
parameter estimation in Chapter 6. The measured datasets for the feed substrate concentrations 
(Si) at, i) 1250, 2500, 5000, 7500, 10000 mgCOD/l for the BSR-CSTR system, and ii) 2500, 5000 
and 10000 mgCOD/l for the GL-BSR system. The validation and parameter estimation steps for each 
system were limited to the hydraulic retention times (HRT) of 2.5, 5, 10, 15 and 30 days. The HRT 
of 7.5days was excluded from the validation steps for both systems, as these datasets are used 
here, for verification purposes. These measured datasets were also used to calibrate amendments 
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to the reaction rate equations describing SRB activities to include formulations of substrate and H2S 
product inhibition.  
 
The overall and component COD concentrations are essential in the present study for various 
reasons, which include the facts that: 
i. The measured datasets obtained from the experimental CSTR-BSR and GL systems were 
evaluated for continuity by the measure of COD and sulfur components mass balances; 
ii. The prototype model was also evaluated for COD and sulfur components mass continuity; 
iii. The prototype model was calibrated using the overall and individual components, e.g. 
acetate, propionate, butyrate and valerate concentrations.  
Thus, a comparative study of the measured vs. simulated results of the BSR unit operations is 
essential to determine the accuracy of this model in application.   
 
7.2.1. SRB activities for overall COD and sulfate utilisation 
The measured dataset for the overall substrate COD concentrations at a feed concentration of 
2500mgCOD/l fed to the GL-BSR system operated under N2 gas sparging conditions, e.g. 
BSR_GLN2_2500, was used to calibrate and conduct the parameter estimations for the kinetic 
parameters Km,SRB, Kc,SRB and Ks_SO4. These estimated kinetic parameters were found to be Km,SRB = 
5.6, Kc,SRB = 1.2 and Ks_SO4 = 0.45 from estimations using the Matlab ® Curve Fitting Toolbox at the 
substrate inhibition factor (ƒI_T) of 0.88, after re-estimation and the initial zero-inhibition proxy for 
BSR_GL N2_2500. The yield coefficient was set at 0.15gCOD_biomass/gCOD_substrate at a death 
rate of 0.02 day-1. The inhibition factor was determined to be 0.88 at an R-Squared value of 0.9987.  
Figure 7.2.a and b show the plots of the measured vs. simulation results of the overall effluent COD 
concentrations and their related SO42- concentrations for the BSR_GLN2 system at substrate COD 
feed concentrations of 2500 and 5000mgCOD/l. This system, like the others, was calibrated at the 
HRTs of 2.5, 5, 10, 15 and 30 days, however, only the measured data points for the 7.5days HRT 
are shown in the figures below.  
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135136Figure 7.2.a : Total Effluent COD        
 BSR GLN2 (HRT = 7.5 Day) 
 
 
137138Figure 7.2.b : Total Effluent Sulfate 























Influent COD or S_Si (mgCOD/l)























Influent COD or S_Si (mgCOD/l)
Measure GLN2 Sim GLN2
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The kinetic parameters were adjusted to Km,SRB = 5.2, Kc,SRB  = 1.2 and Ks_SO4 = 0.45 for better results 
of the BSR_GLN2, BSR_GLCO2 and BSR_CSTR operating conditions using the simulation run of 
the BSR_GLN2_2500 simulation, adjusting the effluent COD and SO42- concentrations in the DHI 
WEST ® . The simulated substrate inhibition ranged between 0.77, at high effluent COD or short 
HRTs, to 0.96, at low effluent COD or long HRTs. After reviewing the  al relative errors of the 
BSR_GL2_5000 simulation run, the error of the measured overall effluent COD concentration 
datasets was found to be 7.4% out of on comparison of the measured effluent COD concentrations 
and 5.6% error for the effluent sulfate concentration at the HRT of 7.5days. The error of 7.4% found 
for the BSR_GL2_5000 operating condition is an acceptable error for the BSR_GLN2 system at the 
kinetic parameters values of Km,SRB = 5.2, Kc,SRB  = 1.2 and Ks_SO4 = 0.45. In conclusion, the simulation 
results generated from the implementation of the prototype model in the DHI WEST ® platform are 
found to describe the suitability of the measured results accurately for use in comparisons study of 
SRBs activities related to the CSTR_BSR and GL-BSR systems .  
 
Figure 7.2.c and d show the plots of the measured vs. simulation results of the overall effluent COD 
and SO42- concentrations for the BSR_GLCO2 system at the feed substrate COD concentrations of 
2500, 5000 and 10000mgCOD/l. The kinetic constants were Km,SRB = 5.2, Kc,SRB  = 1.2 and Ks_SO4 = 
0.45 similar to the values estimated for BSR_GLCO2_2500.  
 
139Figure 7.2.c : Total Effluent COD 
BSR GLCO2 : HRT = 7.5 Day 
 
140Figure 7.2.d : Total Effluent Sulfate 
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The relative errors from the measured vs. simulation results of BSR_GLCO2_5000 and 
BSR_GLCO2_10000 are as follow: 
i) The overall COD concentration relative errors are 9.8% and 8.3%, respectively and;  
ii) The sulfate concentration errors are 28% and 36.9%, respectively. 
 
The mean (μ) overall COD concentrations and standard deviation (σ) of the errors are μ = 9.1% 
and σ = 1%, respectively, for BSR_GLCO2_5000 and BSR_GLCO2_10000. The errors determined 
for the comparison of the measured vs simulation results for the overall COD concentrations for the 
GL-BSR unit operated under CO2 gas sparging (BSR_GLCO2) is accurate for use in the 
comparison of the CSTR-BSR and BSR-GL integrated systems The mean and standard deviation 
determined for the error in the measured and simulated results of the sulfate concentrations are μ 
= 32.4% and σ = 6.3%, respectively, for the BSR_GLCO2_5000 and BSR_GLCO2_10000 
operational modes. Figure 7.2.e compares the DHI WEST® simulation results at all the HRTs for 
the different feed sulfate concentrations of the BSR_GLCO2 unit, which are used to evaluate the 
nature of the large relative errors predicted by the prototype model. 
 
 


























Measured COD 2500 GLCO2 Measured COD 5000 GLCO2
Measured COD 10000 GLCO2 Sim.COD 2500 GLCO2
Sim.COD 5000 GLCO2 Sim.COD 10000 GLCO2
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Figure 7.2.e indicates a large error between the measured and simulation effluent sulfate results of 
the BSR_GLCO2 operation at the feed COD concentration of 10000mgCOD/l and COD:SO42- mass 
ratio of 0.67. It is recommended, in future work, to address the model error to reduce it. However, 
for the purpose of the present prototype model the error is considered in the simulation results.  
 
Figures 7.2.f and g show the plots of the measured vs. simulation results of the overall effluent COD 
concentrations and SO42- concentrations for BSR_CSTR system at the feed substrate COD 
concentrations of 1250, 2500, 5000, 7500 and 10000mgCOD/l. As was the case for the BSR_GL 
operation, the kinetic constants were Km,SRB = 5.2, Kc,SRB  = 1.2 and Ks_SO4 = 0.45. However, the 
constants were estimated for BSR_GLCO2_2500.  
 
142Figure7.2.f : Total Effluent COD                               143Figure 7.2.g : Total Effluent Sulfate     
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The findings from the assessment of the errors from the measured vs. simulation results of 
BSR_CSTR, for the overall COD concentrations of 1250, 2500, 5000, 7500 and 10000mgCOD/l are 
as follow: 
i) The overall COD concentration relative errors are 19%, 27.3%, 51.7%, 24.1% and 10.9%, 
respectively and;  
ii) The sulfate concentration relative errors are 4.9%, 5.5%, 16.1%, 15.5% and 11.4%, 
respectively. 
The overall COD concentrations mean (μ) and standard deviation (σ) of the relative errors at 
BSR_CSTR are μ = 26.6% and σ = 15.3%, respectively.  
 
144Figure 7.2.h: DHI WEST® Simulation vs. measured results of the BSR-CSTR system 
 
The overall COD concentration relative errors determined from the BSR_CSTR model simulation 
present a significantly large error in the BSR_CSTR_5000 operating condition. Figure 7.2.h shows 
that there is an error greater than 50% between the measured and simulation results of the overall 
COD effluent concentration, at the HRT of 7.5 of the BSR_CSTR_5000 operation. This are most 
likely due to measurement errors incurred during data collection and also because further GSA and 
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The mean and standard deviation of the relative errors of the sulfate concentrations, in the 
BSR_CSTR operation, are μ = 10.7% and σ = 5.4%, respectively. The SO42- concentration relative 
errors determined for the BSR_CSTR model are good enough for use in comparison studies of the 
CSTR and GL systems . However, further rigorous calibration and validation is required for design 
and financial comparison studies.  
 
7.2.2. Specific SRB activity for individual butyrate and valerate COD utilisation  
The CSTR and GL-BSR systems were further calibrated for the individual COD components, 
butyrate (Bu) and valerate  (Va). The feed or influent concentration for Bu and Va is referred to in 
terms of the feed or influent COD concentrations but the actual concentrations of the individual 
components are given in Table 7.2.a below. 
 
136Table 7.2.a : Feed concentration of butyrate and valerate at different feed concentrations 
S_Si  S_Bu_i S_Va_i 
(mgCOD/l) 
1250 305.6 201.6 
2500 688.9 346.7 
5000 1281.1 800.5 
7500 1863.1 1174.3 
10000 2647.0 1671.0 
 
The kinetic parameters for the feed butyrate and valerate concentrations were estimated with, i) the 
Matlab ® Curve Fitting Toolbox, and ii) the DHI WEST® simulation software using the measured 
datasets for the CSTR-BSR system operated at the feed concentration of 2500mgCOD/l. The 
butyrate (Bu) and valerate (Va) concentrations range between 24–26% (% Bu of total mixture COD) 
and 14–16% (% Va of total mixture COD) of the overall COD concentration, respectively. Similar to 
the case of the overall COD fed systems, the BSR systems were calibrated at the hydraulic retention 
times (HRTs) of 2.5, 5, 10, 15 and 30 days. 
 
The DHI WEST ® simulation was done by applying the growth coefficients for valerate utilising SRB 
(YVa) of 0.075g/g and butyrate utilising SRB (YBu) of 0.054g/g. The decay coefficients for valerate  
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utilising SRB (bSRB_Va) and butyrate utilising SRB (bSRB_Bu) were 0.015d-1 (Kalyuzhny et al., 2003; Al-
Malack et al., 2006).  
In Section 6.5.6., the estimated kinetic parameters values found using the Matlab® Curve Fitting 
Toolbox were Km,SRB_Bu = 13.26 (g/g.d), Kc, SRB_Bu is 2.5 (g/l) and KSO4,SRB_Bu = 0.45 (g/l). These values 
were further adjusted during the simulation routine using DHI WEST® and found best-fit for butyrate 
(Bu) at Km,SRB_Bu = 13.5(g/g.d), Kc,SRB_Bu = 2.5(g/l) and Ks_SO4_Bu = 0.45(g/l). From literature (see Table 
6.5.d) it was reported that the maximum substrate utilisation constant for butyrate utilising 
SRB(Km,SRB_BU) ranges between 7.33 gBu/g.d (Kalyuzhnyi et al., 1997) and 20 g/g.d (Solon et al. 
2017).  
 
The values estimated for the kinetic parameters in Section 6.5.6 were Km,SRB_Va = 4.8, Kc, SRB_Va = 
0.488 (g/l) and KSO42,SRB_Va = 0.45. These values were further adjusted in the simulation routine 
using DHI WEST® and found to be best-fit for valerate (Va) at Km,SRB_Va = 3.5, Kc,SRB_Va = 0.488 and 
Ks_SO4_Va = 0.45. The maximum valerate substrate utilisation rate constant for SRB(Km,SRB_Va) ranged 
between 1.581 gVa/g.d (Hao et al., 2014) and 20 g/g.d (Solon et al., 2017). The value determined 
in this research closely related to this research was the work of Al-Malack et al. (2006) at 2.912 
gVa/g.d. Thus, the Km,SRB_Va value determined in this study can be accepted for valerate utilising 
SRB because it falls within an acceptable range dictated by literature and fits the experimental 
datasets generated in this research. The Contois half-saturation constant for valerate utilising SRB 
(Kc,SRB_Va)  of 0.488g/l. This value for Kc,SRB_Va is fixed at that reported by Al-Malack et al. (2006). 
Also, the half-saturation constant for limiting sulfate utilisation was fixed at 0.45g/l similar to that of 
butyrate. HRT = 7.5days. 
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145Figure 7.2.i : Effluent Butyrate and Valerate 
COD BSR GLN2 : HRT = 7.5 Day 
146Figure 7.2.j : Effluent Butyrate and 
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The error of the results from the DHI WEST® simulation is determined using the measured datasets 
generated for the GL-BSR system, operated with both N2 and CO2 gas splurging, for butyrate and 
valerate utilisation by considering the error on the effluent concentrations of these VFAs. Figures 
7.2.i and j present comparisons of the measured vs simulated results of butyrate and valerate at 
simulation of the prototype model in DHI WEST ® in the BSR_GLN2_2500 operating condition 
predicts the measured vs. simulation errors for the effluent butyrate and valerate concentrations, at 
HRT = 7.5days, as 3.9% and 2.1%, respectively. The effluent butyrate and valerate concentrations 
relative errors determined for the GL-BSR unit operation sparged with N2 gas (BSR_GLN2) are 
accurate for of the comparison study of the CSTR-BSR and BSR-GL integrated systems . 
 
For the GL-BSR system under the BSR_GLN2_5000 operating condition, the predicted measured 
vs. simulation result relative errors for the effluent butyrate and valerate concentrations are 62.4% 
and 33.2%, respectively. Although this error appears large, the scale of the values impacted the 
error significantly, e.g. the effluent valerate concentrations of 106.2mgCOD/l (simulation results) and 
70.9mgCOD/l (measured results) from the feeding S_Va_i value of 1250mgCOD/l. Then, under the 
BSR_GLN2_10000 operating condition, the predicted measured vs. simulation result errors for the 
effluent butyrate and valerate concentrations are 11.0% and 15.7%, respectively. The effluent 
butyrate concentrations mean (μ) and standard deviation (σ) of the relative errors in the 
BSR_GLCO2_5000 and BSR_GLCO2_10000 modes are μBu = 36.7%, and σBu = 36.2%, 
respectively. These results are highly influenced by the scale of the values, as explained above. 
Subsequently, the effluent valerate concentration of the relative errors in BSR_GLCO2_5000 and 
BSR_GLCO2_10000 are μVa = 24.5%, and σVa = 12.7%, respectively. The butyrate and valerate 
concentration relative errors determined for the GL-BSR unit sparged with CO2 gas (BSR_GLCO2) 
are accurate for of the comparison study of the CSTR-BSR and BSR-GL integrated systems . 
 
Figure 7.2.k and l present the plots of the measured vs. simulation results of the effluent butyrate 
and valerate concentrations for the BSR_CSTR system at feed substrate COD concentrations of 
1250, 2500, 5000, 7500 and 10000mgCOD/l. As was the case for the BSR_GL operations, the 
kinetic constants were Km,SRB, Kc,SRB and Ks_SO4 estimated for BSR_GLCO2_2500 and also applied 
for BSR_CSTR.  
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147Figure 7.2. k: Effluent Butyrate COD 
Concentration:  BSR CSTR: HRT = 7.5 Day 
148Figure 7.2. l: Effluent Valerate COD 
Concentration: BSR CSTR: HRT = 7.5 Day 
  
The findings from the assessment of the relative errors from the measured vs. simulation results of 
BSR_CSTR, for the butyrate and valerate  concentrations of 1250, 2500, 5000, 7500 and 
10000mgCOD/l are as follow: 
i) The butyrate concentration relative errors are 35%, 17.6%, 290%, 402.5% and 17.2%, 
respectively and;  
ii) The valerate  concentration relative errors are 8.6%, 6.8%, 48.7%, 115.1% and 82.8%, 
respectively. 
The butyrate concentrations mean (μ) and standard deviation (σ) of the relative errors for 
BSR_CSTR are μBu = 152.5% and σBu = 181.5%, respectively, and those of the valerate 
concentrations for BSR_CSTR are μVa = 52.4% and σVa = 47.1%, respectively.  
Figure 7.2.m shows the plots of the effluent butyrate concentrations of the BSR_CSTR system for 
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149Figure 7.2.m: DHI WEST® Simulation vs. measured results of the  
effluent butyrate concentration for the BSR-CSTR system 
 
The butyrate concentration relative errors determined between the measured and simulation results, 
for BSR_CSTR_5000 and BSR_CSTR_7500 operating conditions, were found to be 290% and 
402.5%, respectively. These relative errors between the measured and simulated results are 
significant and would influence the use of the simulation results for the comparison study of the 
CSTR-BSR and BSR-GL integrated systems. However, data-points for BSR_CSTR_5000 and 
BSR_CSTR_7500 would be considered during the comparison study if needed. The present study 
recommends that these measured values be further evaluated, or the experimental studies be 
conducted or repeated to analyse the accuracy of the experimental measurements.  
The effluent valerate measured and simulation concentrations for the BSR_CSTR system operated 
at the various feed concentrations related to the changes in the overall feed COD concentrations are 
presented in Figure 7.2.m. The valerate concentrations make up +/-15% of the COD concentration 
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150Figure 7.2.n: DHI WEST® Simulation vs. measured results of 
 the effluent valerate concentration for the BSR-CSTR system 
 
The relative errors determined for the measured and simulation concentration results , for 
BSR_CSTR_7500 and BSR_CSTR_10000 operating conditions were found to be 115.1% and 
82.8%, respectively. These relative errors would have negative influence on the comparison study 
of the CSTR_BSR and BSR-GL systems is minor because valerate only constitute to 12% of the 
influent feed total COD. The comparison is conducted on the premise of total COD removal. 
However, further sensitivity and uncertainty analysis is requited for further calibration of the individual 
valerate utilisation.  
 
7.2.3. Validation and parameter estimation for the SRB activities of acetate and 
propionate utilisations 
The effluent acetate (S_VFA) and propionate(S_Pr) concentrations of the CSTR and GL-BSR 
systems are calibrated, and their kinetic parameters estimated during simulation in the DHI WEST® 
platform. The reason for this is given to the complexity of the origins of the effluent Acetate (S_VFA) 
and propionate (S_Pr) concentrations, which consist of, i) the S_VFA and S_Pr introduced in the 
BSR systems via the feed substrate, and ii) the intermediate products from the utilisation of butyrate 
and valerate. Due to this, the measured acetate and propionate concentrations were subject to the 
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estimation. To deal with the complexities of the composition of the measured datasets for the 
acetate and propionate component concentrations, the kinetic parameters, e.g. Km,SRB, Kc,SRB 
and Ks_SO4, were estimated under dynamic conditions. The approach was to adjust the kinetic 
constants to determine the values of these constants, which best fit the measured datasets for each 
individual component, during the simulation runs. The acetate and propionate components 
constitute the largest proportion of the feed composition, at 34% of the total feed COD concentration 
for acetate and 26% of the total feed COD concentration for propionate. Table 7.2.b shows the 
actual concentrations of acetate and propionate at the different feed COD concentrations.  
 
137Table 7.2.b : Feed concentration of acetate and propionate at different feed concentrations 
S_Si  S_VFA_i S_Pr_i 
(mgCOD/l) 
1250 413.0 320.3 
2500 881.6 639.2 
5000 1718.8 1336.5 
7500 2475.8 1933.4 
10000 3469.9 2420.0 
 
The DHI WEST ® simulation was done by applying the growth coefficients for acetate utilising SRB 
(YVFA) of 0.175gCOD/gCOD (Hu et al., 2015) and propionate utilising SRB (YPr) of 0.05g/g 
(Kalyuzhny et al., 1998; Scholten et al., 2000). The decay coefficients for valerate utilising SRB 
(bSRB_VFA) and butyrate utilising SRB (bSRB_Pr) was 0.02 d-1 (Kalyuzhny et al., 2001; Rajkumar et al., 
2009). Similar to the case of the overall COD fed systems, the BSR systems were calibrated at 
hydraulic retention times (HRTs) of 2.5, 5, 10, 15 and 30 days. 
Figures 7.2.o (GL-BSR) and 7.2.p (BSR-CSTR) present the measured and simulated results of the 
effluent acetate concentrations validation and parameter estimations using DHI WEST®.  
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151Figure 7.2.o : Validation of Effluent Acetate COD for the  
BSR-GL system using DHI WEST®    
 
 
152Figure 7.2.p : Validation of Effluent Acetate COD for the 
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These kinetic parameter values were further statistically evaluated using a comparison study of the 
measured data, at HRT = 7.5days, and the detailed simulation results. These measured and 
simulated results at the HRT of 7.5 days are presented in Figures 7.2.r and s. 
 
 
153Figure 7.2.r : Effluent Acetate COD 
concentration 
BSR GL : HRT = 7.5 Day 
154Figure 7.2.s :  Effluent Acetate COD 
concentration 
BSR CSTR : HRT = 7.5 Day 
 
The findings of the assessment of the relative errors of the measured vs. simulation acetate 
concentration results of the BSR_GL and BSR_CSTR systems are as follow: 
i) The acetate concentration relative errors of the BSR_GL system are 11.3% (GLN2_5000), 
15.5% (GLCO2_5000) and 57.5%(GLN2_10000) and;  
ii) The acetate concentration relative errors of the BSR_CSTR system are 13.6% (1250), 12.8% 
(2500), 6.1% (5000), 23.2%(7500) and 16.8% (10000).   
The mean and standard deviation of the relative errors of the BSR_GL system are μVFA = 36.4% and 
σVFA = 29.5%, respectively, and for the BSR_CSTR system, they are  μVFA = 14.5% and σVFA = 6.2%, 
respectively. The model describes the effluent acetate concentrations to an acceptable level of 
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The kinetic parameters estimated for acetate utilisation for the SRB activity in the GL-BSR system 
were Km,SRB_Ac = 4.8, Kc,SRB_Ac = 1.2  and Ks_SO4,SRB_Ac = 0.45. The literature review (see Table 6.5.d) 
reported the maximum substrate utilisation constant for acetate utilising SRB(Km,SRB_Ac) to range 
between 0.17 gAc/g (Paula and Foresti, 2009) and 30 gAc/g (Ó'Flaherty et al. 1998). Other closely 
related values are those from the studies of Robinson and Tiedje (1983), i.e. 7.69 gAc/g, and 
Kalyuzhnyi et al. (1997), i.e. at 4.19gAc/g. Thus, the Km,SRB value of 4.8 gAc/g, for the present study, 
is acceptable for acetate utilising SRB. The Contois half-saturation constant for acetate utilising SRB 
(Kc,SRB_Ac)  is 1.2g/l . This value of Kc,SRB_Ac is in the region of that reported by Ó'Flaherty et al. (1998) 
and as such is acceptable. The half-saturation constant for limiting sulfate utilisation is 0.45g/l that 
is very similar to that reported by Ó'Flaherty et al. (1998).  
 
Subsequently, the measured effluent propionate concentration and simulated results were 
calibrated and the kinetic parameters estimated using DHI WEST®, as were done for the effluent 
acetate parameters. Figure 7.2.t (GL- BSR) and 7.2.u (BSR-CSTR) presents the measured and 
simulated results at HRT = 7.5 days.  
 
 
155Figure 7.2.t : CSTR_BSR Effl. Acetate COD 
concentration 
HRT = 7.5 Day 
 
156Figure 7.2.u : CSTR_BSR Effl. Propionate 
COD concentration 
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The kinetic parameters, Km,SRB_Pr = 8.7, Kc,SRB_Pr = 0.5 and Ks_SO4_Pr = 0.45, were estimated for 
propionate. The findings from the assessment of the relative errors of the measured vs. simulation 
propionate concentration results of the BSR_GL and BSR_CSTR systems are as follow: 
i) The propionate concentration relative errors of the BSR_GL system are 8.9% (GLN2_5000), 
72.4% (GLCO2_5000) and 6.7% (GLN2_10000) and;  
ii) The propionate concentration mean relative errors of the BSR_CSTR system are 228.6% 
(1250), 232.8% (2500), 71.4% (5000), 37.7%(7500) and 77.3% (10000).   
The statistical analysis of the relative errors of the BSR_GL system is μPr = 39.5% and σPr = 46.4%, 
and that of the BSR_CSTR system is μPr = 129.3% and σPr = 93.4%. The error of the effluent 
propionate concentrations, comparing the measured and simulated results of the BSR_GL system, 
increased due to the influence of the 72.4% error of BSR_GLN2_5000 operating condition. The 
accuracy of the prototype model can be considered acceptable for the operation of the GL-BSR 
system, at both the CO2 and N2 operating conditions.  
The kinetic parameters estimated for propionate utilisation for the SRB active in the GL-BSR system 
were Km,SRB_Pr = 8.7, Kc,SRB_Pr = 0.5  and Ks_SO4,SRB_Pr = 0.45. The research reviewed (see Table 6.5.c) 
related to Km,SRB_Pr, that closely related the current research are those reported by Kalyuzhnyi et al. 
(2003) at 8.815 gPr/g and Kalyuzhnyi et al. (1997) at 9.667gPr/g. Thus, the Km,SRB_Pr value of 8.7 
gPr/g, in the present study, can be accepted for propionate utilising SRB. The Contois half-saturation 
constant for propionate utilising SRB (Kc,SRB_Pr)  is 0.5g/l . This value of Kc,SRB_Pr is in the same range 
as that reported by Ó'Flaherty et al. (1998) and as such is acceptable. The half-saturation constant 
for limiting sulfate utilisation is 0.45g/l, which is very similar to the value reported by Ó'Flaherty et al. 
(1998).  
 
7.3. Evaluation of elemental sulfur and regenerated sulfate 
concentration validations for the CSTR system  
The formation of elemental sulfur from hydrogen sulfide and subsequently, the re-production of 
sulfate, as a final product, from elemental sulfur given the presence of oxygen within the CSTR 
system aqueous environment, were observed during the experimental study. Section 6.5. describes 
the method of validation of the sulfide oxidation bacteria (SOB) that determines the sulfide utilisation 
rate from the production of elemental sulfur at short Hydraulic Retention Times (HRTs), e.g. 2.5, 5 
and 10 days, where negligible sulfur oxidation was observed. However, at the longer HRTs, greater 
Chapter Seven                                                            Prototype Model Evaluation 
 
329 | P a g e  
 
 
than 10days, further oxidation of elemental sulfur, by sulfur oxidation bacteria (bS0s), was 
observed.  
 
The SOB and SRB activities were only observed in the CSTR systems, mainly because the H2S 
residual product within the GL-BSR systems was low after gas stripping. Again, the measured 
datasets were named after to the COD feed substrate concentrations (Si) of 1250, 2500, 5000, 7500, 
10000mgCOD/l for the BSR-CSTR system. The validation and parameter estimation steps for each 
system were limited to the hydraulic retention times (HRTs) of 2.5, 5, 10, 15 and 30 days. The HRT 
of 7.5days was excluded from the validation steps for both BSR systems, as these datasets are used 
in process validation. 
 
7.3.1. SOB activities for hydrogen sulfide utilisation and elemental sulfur 
production 
The approach for evaluating the accuracy or error of the measured vs. simulated results of the H2S 
utilisation of SOB defers from the SRB, in that the product effluent concentrations during evaluation, 
were considered instead of the effluent substrate evaluation. The kinetic rate for hydrogen sulfide 
utilisation, during elemental sulfur production by SOB, was calibrated and parameters estimations 
done using the H2S effluent concentrations in Section 6.5.1.  
The kinetic parameters for a utilisation rate of hydrogen sulfide of SOB were, i) estimated with the 
Matlab ® Curve Fitting Toolbox and, ii) adjusted with DHI WEST® simulation software using the 
measured datasets for the CSTR system. The DHI WEST ® simulation was done using the growth 
coefficient for SOB (YSOB) of 0.091gCOD/gCOD and the decay coefficient bSOB of 0.02 (Namgung 
and Song, 2015).  
Figure 7.4.a shows the plots for the measured vs. simulated results of the effluent elemental sulfur 
concentrations produced at the total COD feed concentrations of 1250, 2500, 5000, 7500, 
10000mgCOD/l and hydraulic retention times (HRTs) of 2.5, 5, 10, 15 and 30 days. 
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157Figure 7.3.a : DHI WEST® Simulation vs. measured results for 
 the effluent elemental sulfur concentration for the CSTR system 
 
The kinetic parameters estimated in Section 6.5.1., from MATLAB®, for the maximum specific rate 
of substrate (Km_SOB), half-saturation constant for sulfide utilisation (Ks_SOB) and oxygen utilisation of 
sulfide utilisation (KO_SOB), similar to those reported by Nelson et al. (1986), were 5.94, 2.74 and 
3.26, respectively. However, these constants were further adjusted during the DHI WEST® 
simulation routine and found to be best-fit for the sulfide utilisation rate, of SOB, at Km_SOB = 
9.37g/g.d, Ks_SOB = 0.1g/l and KO_SOB = 0.15g/l. The maximum substrate utilisation rate constant 
(km,SOB) ranges between 21.74 g/g.d (Khavarpour et al., 2011) and 5.55 g/g.d (Nelson et al.,1986). 
The Km_SOB value of 9.37g/g.d is similar to the value reported by Namgung and Song (2015), and it 
is within the established ranges based on  the studies reported in Table 6.5.1.g . The value of the 
half-saturation constants  Ks_SOB of 0.1g/l is similar to that reported by Namgung and Song (2015), 
that is 0.15g/l, while the half-saturation constant of substrate H2S (Ks,SOB) ranges between 0.032 g/l 
(Gonzalez-Sanchez et al., 2009) and 3.5g/l (Khavarpour et al., 2011). The Ks_SOB value for the 
present study can be considered acceptable as it corresponds with that of other studies. The KO_SOB 
value of 0.15g/l for the present research is the same as that reported by Mora et al. (2016). 
   
Figures 7.3.b presents the comparison of the measured vs. simulated results of elemental sulfur at 
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158Figure 7.3.b : Total Effluent Sulfate   
BSR GLCO2 : HRT = 7.5 Day 
 
The findings from the assessment of the relative errors of the measured vs. simulation effluent 
elemental sulfur concentrations results of the CSTR systems are as follow: 
i) The S0 concentrations relative errors are 20.3% (1250), 31.4% (2500), 12.3% (5000), 
52.0%(7500) and 21.6% (10000).   
The effluent S0 concentrations mean (μ) and standard deviation (σ) of the relative errors are μSOB = 
27.7%, and σSOB = 15.2%. The 52% error provided by the 7500 measurements had a large effect 
on the mean and standard deviation of the error of the effluent elemental sulfur measurements. The 
relative errors of the effluent S0 concentrations μ and σ without the contribution of the 52% error at 
7500 were reduced to 21.6% and 7.9%, respectively. Furthermore, to analyse the goodness of the 
fit of the measured dataset to the simulation prototype model, the non-linear least squares method 
was applied and an R-squared value of 0.7455 was found. Further sensitivity analysis is 
recommended to improve the accuracy of the SOB activity in sulfide utilisation in the prototype 
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7.3.2. Sulfur oxidation bacteria activities resulting in sulfate re-production 
The further adjustment of the kinetic parameters for elemental sulfur utilisation, due to the activity of 
sulfur oxidising bacteria (bS0), in the DHI WEST ® is described here as an extension to that 
determined in Section 6.5.2. The growth coefficient for sulfur oxidising bacteria (YbS0) was best 
determined as 0.378 and the decay coefficients bSOB as 0.02d-1 (Kon and Tatsumi, 2014).  
Figure 7.3.c shows the plots for the measured vs. simulated results of elemental sulfur utilisation at 
the hydraulic retention times (HRTs) of 2.5, 5, 10, 15 and 30 days. 
 
 
159Figure 7.3.c : DHI WEST® Simulation vs. measured (indirectly) results 
 of the re-produced sulfate concentration for the BSR-CSTR system. 
 
The Initial kinetic parameters determined in Section 6.5.2., i.e. Km,bS0 = 7.42g/g.d, KS,bS0 = 0.451g/l 
and KO,bS0 = 0.067g/l, were used as inputs to the Haldane rate equation implemented in DHI WEST®. 
These kinetic parameters for elemental sulphur oxidation were adjusted during the DHI WEST ® 
simulation and found to be best-fit to the measured results at the maximum specific rate of the 
substrate (Km_bS0) of 7.3227g/g.d, at the half-saturation constant (Ks_bS0) of 2g/l, and at the half-
saturation constant for limiting oxygen utilisation (KO_bS0) of 1.02gO/l. The maximum specific rate of 
the substrate (Km_bS0) used in the present study is similar to that reported by Konishi et al. (1995) of 
7.420g/g.d and Pokorna et al. (2007) of 7.68g/g.d. The half-saturation constant for limiting oxygen 
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of 0.066g/l is similar to that reported in the study by Mora et al. (2016) of 0.146g/l. As such, the KO_bS0  
value of 1.06g/l used in the present study is comparable with other studies and, hence, is acceptable 
for use herein.   
 
 Figures 7.3.d presents the comparison of the measured vs. simulated results of regenerated sulfate 




160Figure 7.3.d : Total Effluent Sulfate    
BSR CSTR : HRT = 7.5 Day 
 
The findings from the assessment of the relative errors of the determined regeneration sulfate 
concentrations using the measure and expected COD:SO42- vs. simulation results for the effluent 
sulfate concentrations reproduced of the CSTR systems are as follow: 
i) The SO42- (re-produced) concentrations relative errors are 11% (1250), 9.9% (2500), 10.2% 
(5000), 10.3%(7500) and 40.4% (10000).   
The effluent SO42- (re-produced) concentrations mean (μ) and standard deviation (σ) of the relative 
errors are μSOB = 16.4%, and σSOB = 13.4%. The 40.4% error provided by the 10000mgCOD/l feed 
concentration measurements had a large effect on the mean and standard deviation of the error of 
the effluent elemental sulfur measurements. However, the accuracy of the re-produced sulfate 
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of this model but taking into account the error. Further sensitivity analysis is recommended to 
improve the accuracy of bS0 activity in S0 utilisation in the prototype model.  
 
7.4. Evaluation of the ferric-ferrous closed-loop process  
 The ferric-ferrous closed-loop process includes the hydrogen sulfide (H2S) gas reactive absorption 
unit (ABS) and the ferrous bio-oxidation unit. This ferric-ferrous close-loop process is coupled to 
the GL-BSR process via a gas stream that mainly carries H2S gas from the BSR unit operation for 
stabilisation as elemental sulfur, using the electron acceptor Fe3+ in the H2S oxidation reaction. The 
modelling of stabilisation of H2S gas to recover S0 using Fe3+ and the further recovery of Fe3+ from 
Fe2+ are included in the GL-BSR model because the present research implements the super-model 
approach. The model accounts for the gas stream coupling of the GL-BSR process and the H2S 
absorption unit. However, it should be noted that if further research uses another method for the 
stabilisation of H2S gas from the GL-BSR unit, that method can be included in the prototype model 
without having to repeat any work of modelling of the BSR section, of the GL unit operation.  
 
7.4.1. Evaluation of the H2S reactive absorption unit operation 
The 2.5-litre H2S reactive absorption unit (H2S-ABS) used to stabilise H2S by the formation of S0 
receives Fe3+ from the 5-litre Fe2+ bio-oxidation unit. The H2S gas is transported to the H2S-ABS 
unit by an N2 or CO2 carrier gas. Table 7.4.a presents the measured H2S flux values (mg/d) at 
various BSR operating conditions 
 
138Table 7.4.a: Measured H2S flux (mg/d) to the H2S-ABS uni 
HRT_BSR 
GL_N2  GL-CO2  
2500 5000 2500 5000 10000 
2.5 11430 15501 11559 15356   
5.0 8895 13164 8617 13355 6352 
7.5   10546   10709   
10.0 5164 0 5224     
15.0 3272 7127 3544 6713   
30.0           
 
The 2.5-litre operational volume H2S-ABS unit was operated at 0.5 days HRT and feed ferric 
concentration of 15000mg/l that relates to a Fe3+ feed rate of 5l/day. The 2nd order reaction rate 
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constant was kept at 1.45 x 106 (mg-1. day-1) as was reported by Ebrahimi et al., 2003. Figure 7.4.a 
shows the measured and simulated results of the effluent Fe3+ concentrations for various operating 
conditions of the BSR reactor as presented in Table 7.4.a. (in the form: COD feed concentration./ 
HRT_BSR.  
 
161Figure 7.4.a: Predicted vs. Measured Effluent Fe3+ concentration 
 from H2S-ABS Unit (Ferric Influent = 15000mg/l) 
 
The mean (μ) and standard deviation (σ) of the relative errors for the overall effluent Fe3+ 
concentrations of the H2S-ABS unit are μ = 15% and σ = 13%, respectively. Two outliers, which are 
2500/2.5_N2 at 70% and 2500/15_N2 at 74%, were excluded from the dataset before determining 
the mean and standard deviation of the set. The reason for excluding the outlier results is due to 
these being most likely the results of measurement relative errors. It can be concluded that the model 
error for this prototype model is acceptable and that the simulation results can be for using a similar 
unit as the H2S-ABS unit.  
The H2S gas stripped and transported from the GL_BSR reactor are stabilised as elemental sulfur 
in the ABS unit via an oxidation reaction utilising an aqueous ferric iron solution. The concentration 
of elemental sulfur in the effluent suspension of the ABS unit was measured to determine the mass 
of elemental sulfur produced. Figure 7.4.b presents the prototype model predicted vs. the measured 
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162Figure 7.4.b: Predicted vs. Measured Effluent S0concentration  
from H2S-ABS Unit  (Ferric Influent = 15000mg/l) 
 
The mean (μ) and standard deviation (σ) of the relative errors between the predicted and measured 
S0 concentrations leaving the H2S-ABS unit are μ = 14% and σ = 8%, respectively. An outlier, at 
BSR operating period of 5000/15 CO2 of 46%, was excluded from the dataset before determining 
the mean and standard deviation of the set. The most likely reason for this error can be assigned 
to measurement errors that occurred during the experimental stage of the present study. It can be 
concluded that the model error for this prototype model is acceptable and that the simulation results 
of the effluent elemental sulfur concentration can be used in further applications considering the 
H2S-ABS unit. Furthermore, it was determined via XRD and incineration tests that the particulate 
elemental sulfur produced in the H2S oxidation reactions were contaminated with FeCO3 and FeS 
that ranges between 1 to 10% of the filled particulate product.   
 
7.4.2. Evaluation of the Fe2+ bio-oxidation unit operation 
The environmental and economic sustainability of this integrated GL_BSR is based on limited waste 
production. The sulfur recovery process includes a unit operation allowing the biological 
regenerations of ferric, from the by-product ferrous, as a core component to ensure this 
environmental and economic sustainability. The ferrous biological oxidation reactor experimental 
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ferrous feed concentrations and HRTs were studied for inclusion into the model describing the Fe2+ 
bio-oxidation unit under various dynamic conditions. The experimental Fe2+ bio-oxidation reactor 
was operated at, i) the various aqueous ferrous feed concentrations (S_Fe2) of 5, 10, 15, 20 and 
25 g/l and, ii) the HRTs of the Fe2+ bio-oxidation reactor (HRT_BioOX) of 0.5, 0.75, 1, 5 and 10 
days with the HRT_BioOX reserved for the verification of the prototype model. Equation E.6.9.3.g 
was developed and calibrated to describe the Fe2+ utilisation reaction rate kinetics included in the 
prototype model describing the integrated GL_BSR system. The growth coefficient for 
Leptospirillum ferriphilum sp. (YbFe2), the microorganism used in the present study, was set at 0.005 
and the decay coefficient bFe2 set at 0.002d-1 (Van Scherpenzeel et al. 1998). Further adjustments 
were made to the kinetic parameters estimated, using MATLAB®, for Leptospirillum ferriphilum sp. 
activity during the DHI WEST ® simulation. The adjustments were made to the estimated values 
with the least error used. The final estimates for the maximum specific rate of the substrate (Km_bFe2) 
and half-saturation constant for sulfide utilisation (Ks_Fe2) were 315g/g (similar to that reported by 
Van Scherpenzeel et al. 1998) and 1.2g/l (Nemati and Webb, 1996), respectively.  
Figure 7.4.c shows the plots for the measured vs. simulated results of the effluent Fe3+ at the 
hydraulic retention times (HRTs) of 0.5, 0.75, 1, 5 and 10 days 
 
 
163Figure 7.4.c: DHI WEST® simulation vs. measured results of  
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The findings from the assessment of the relative errors, of the measurement vs. 
simulation/predicted effluent ferric concentrations of the Fe2+ bio-oxidation systems are as follow: 
i) The effluent ferric (Fe3+) concentrations mean (μ) relative errors are 34.3% (5g/l), 22.3% (10g/l), 
6.6% (15g/l), 8.4%(20g/l) and 12.6% (25g/l);  
ii) The effluent ferric (Fe3+) concentrations standard deviation (σ) of the relative errors are 32.6% 
(5g/l), 10.6% (10g/l), 3.0% (15g/l), 6.7%(20g/l) and 9.8% (25g/l).  
 
The error of the effluent Fe3+ concentration when the feed Fe2+ concentration was 5g/l exceeds 
20%, on three occasions, for 5 HRTs (Related to the Fe2+ Bio-oxidation reactor unit operation, 
Reported in Section 3.4.2.2.1.c ), i.e. 0.5, 0.75, 1, 5 and 10 days, of which the 30% error was 
exceeded twice. Also, the error at the feed Fe2+ concentration of 5g/l, exceeded 20% on three 
occasions, of which the 30% error was exceeded once. The similarities in the effluent Fe3+ 
concentration relative errors, at the 5 and 10mgFe2+/l ferrous influent concentrations, are that it 
occurred at low Fe3+ concentrations and short HRTs. However, the accuracy of the effluent Fe3+ 
concentration results, from the simulation model, is good enough for use in further studies of this 
prototype model but taking consideration of the error. To further evaluate the quality of the effluent 
Fe3+ concentration, the HRT of 2.5days was used to validate the accuracy of the prototype model. 
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164Figure 7.4.d: Ferric recovery using Ferrous Bio-Oxidation   
BSR CSTR : HRT = 2.5 Day 
 
The error margin, in the comparison of the measured and predicted effluent Fe3+ concentrations at 
the HRT of 2.5 days, is mean = 7.5% and standard deviation = 4%, which presents a good correlation 
between the measured and predicted results. This confirms that the prototype model describing the 
ferrous bio-oxidation unit operations provide reliable predictions for the upscaling of this unit 
operation.  
 
7.5. Rate inhibition factors for the CSTR-BSR and GL-BSR systems 
The estimation of datasets and development of equations, describing the influence of substrate and 
product inhibition on the SRB activity, is one of the novel aspects of the present research. A single 
inhibition equation was developed in Section 6.5.5 (Equation E 6.5.5.c), which can predict the 
influence of substrate and product inhibition on the BSR processes of both the CSTR and GL-BSR 
systems. Figure 7.5.a presents a plot of the plots of the results, from the DHI WEST® simulations, 
for all the changes in feed concentrations for the CSTR-BSR and GL-BSR systems, operated at 
both CO2 and N2 gas stripping.  
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165Figure7.5.a: Total Inhibition Actual vs. Simulation Results for BSR GLN2, GLCO2 & CSTR 
 
The black dotted plots represent the inhibition results of the CSTR, GLN2 and GLCO2 systems 
estimated from the inhibitions factors determined from the experimental datasets. These black plots 
can be taken as the actual inhibition trend equations for the individual systems operated. In Section 
6.5.1., the rate inhibition factor is described as the factor of change in the rate equations, between 
0 and 1, on implementation, i.e. where the rate inhibition factor is multiplied with the reaction rate 
equations. As such, at inhibition factor = 1 the rate equation remains unchanged and no inhibitions 
influence are included in the reaction rate equation, while at inhibition factor = 0, total inhibition is 
experienced by the system.  
 
Figure 7.5.a provides an overall contextualised presentation of the inhibition trends for both 
systems. From this Figure, it can be concluded that the GL-BSR systems are less influenced by the 
combination of substrate and product inhibition on the SRB activity, at reactor COD concentrations 
of less than 5500mgCOD/l. As the sulphide product is stripped out of the BSR reactor aqueous 
environment, of the GL-BSR system, the influence of H2S inhibition is removed from the system 
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influenced by both substrate and H2S product inhibition. However, at higher reactor internal 
substrate COD concentrations greater than 5500mgCOD/l, the influence of substrate inhibition 
dominates reaction rate inhibition, for both systems, to the extent that both systems are equally 
inhibited by the high substrate concentrations in the BSR reactor environment.  
 




166Figure7.5.b: Total Inhibition Actual vs. Simulation Results for BSR CSTR 
 
The predicted results of the different feed substrate COD concentrations closely follow the plot of 
the actual inhibitions factors, for the CSTR-BSR system. In Figure 7.5.b, the inhibition plots of the 
CSTR-BSR system can be divided into three inhibition dominant regions.  
 
Region 1 is the area where H2S product inhibition dominates the inhibitions on SRB for the reactor 
substrate COD concentrations less than 1500mgCOD/l. This area is characterised by low substrate 
concentrations and high H2S concentrations in the CSTR reactor. The H2S product inhibition 
behaviour described in Region 1 is similar to that reported by Hilton and Oleszkiewisz, (1988), 
Maillacheruvu et al. (1993), O’Flaherty et al. (1998) and Moosa and Harrison (2006). Region 2, 
between substrate COD concentrations of 1500mgCOD/l and 6000mgCOD/l, is the area where 
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the CSTR reactor. In Region 3, for substrate COD concentrations greater than 6000mgCOD/l, the 
substrate inhibition dominates the inhibitory influences on the SRB activities, in the CSTR reactor. 
This substrate inhibition includes the inhibitory influence of acetate (Ac) as reported by Reis et al. 
(1992).  
 
7.6. Comparative evaluation of the CSTR and GL-BSR systems 
One of the aims of the present study is to make a quantitive comparison between the CSTR-BSR 
and GL-BSR systems. This is done to evaluate the advantages or disadvantages of using GL-BSR 
technologies over conventional CSTR-based BSR technologies. 
 
7.6.1. Improved COD and sulfate pollutants removal efficiency of GL-BSR 
technologies 
The gas-lift BSR system showed better organic substrate (COD) and sulfate removal efficiencies 
than the CSTR-BSR system at similar feed concentration and HRT conditions. Figures 7.6.1.a and 
b show the plots of the effluent COD vs. HRT for the CSTR-BSR and GL-BSR systems at 2500 and 
5000mgCOD/l of organic substrate feed concentrations.  
 
167Figure7.6.1.a: Comparing Gas-lift and 
CSTR-BSR  systems @ Feed COD =2500mg/l 
168Figure7.6.1.b: Comparing Gas-lift and 
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From Figures 7.1.1.a and b, it can be observed that the COD removal capacity, of the GL_BSR 
system, is on average 20% higher than the BSR-CSTR system for both systems fed the same 
organic substrate of 2500mgCOD/l. For both systems fed 5000mgCOD/l, the GL-BSR system 
shows a 17% higher COD removal than the BSR-CSTR system. These higher organic substrate 
utilisation rates can also be observed from the comparison of the specific substrate utilisation rate 
(day-1) plots in Figure 6.5.5.a below. 
 
 
169Figure6.5.5.a: Spec. Substrate Utilisation rates for CSTR and  
GL BSR systems (S_Si = 2.5 and 5.0 gCOD/l) 
 
This higher COD and SO42-, removal capacity of the GL_BSR system can be attributed the removal 
(stripping-out) of the H2S product from the GL-BSR system, thus resulting in lower H2S product 
inhibitions on the SRB activities. In Section 7.5., it was stated that both systems were experiencing 
substrate inhibition, but that the CSTR-BSR system also experienced the influences of H2S product 
inhibitions. Figure 7.5.a shows that at lower reactor substrate operating concentrations, i.e. 
substrate concentrations <1500mgCOD/l, the SRB activity in the CSTR-BSR system was mostly 
inhibited by H2S concentrations. However, at higher reactor substrate operating concentrations, i.e. 
> 6000mgCOD/l, the inhibition of the SRB activity, for both systems, is dominated by the organic 
substrate concentration inhibition. Figure 7.6.c, below, shows both the GL-BSR (using CO2 gas 
stripping) and CSTR-BSR systems fed organic substrate at 10000mgCOD/l and operated at the 
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170Figure7.6.1.c: Comparing Gaslift_CO2 and CSTR-BSR systems  
@ Feed COD =10000mg/l 
 
The effluent COD concentrations, of both systems (using CO2 gas stripping), remained constant 
until the effluent COD, which is equal to the reactor COD, dropped below 6gCOD/l. The higher the 
organic substrate concentrations (Se) inside the reactors, for both the CSTR-BSR and GL_BSR 
systems, the more dominant the influence of substrate inhibition, and the lower the organic 
substrate utilisation rate, or sulfate utilisation rate. This is further supported by Figure 7.6.1.d that 
shows the plots of sulfate utilisation rates (gSO42-/l.d) for the 2.5gCOD/l and 5gCOD/l organic 
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171Figure7.6.1.d: Comparison of sulfate utilisation rate vs effluent COD concentration 
for Feed COD @ 2.5 & 5.0gCOD/l 
 
The sulfate utilisation rate of the CSTR_BSR is about 4gSO42-/l.d, while that of the BSR_GLN2 
system is about 6.58 gSO42-/l.d, when the reactor COD concentration in both systems is 2gSO42-/l. 
This is related to the CSTR-BSR system operating at 60.82% of the sulfate utilisation rate of 
BSR_GLN2, for both systems fed organic substrate mixture of 2500mgCOD/l. It should be noted 
that the organic substrate feed of 2500mgCOD/l, also contains the sulfate feed concentrations of 
3731mgSO42-/l, which is related to the COD:SO42- mass ratio of 0.67 that holds for all the feed 
mixtures. For the feed COD of 5000mgCOD/l (7462mgSO42-/l), the sulfate utilisation rate of the 
CSTR_BSR system (at 2.8gSO42-/l.d) is 82.14% of that of the BSR_GLN2 (at 3.4gSO42-/l.d) at the 
reactor COD concentration of 2gCOD/l. Also, the sulfate utilisation rate of the CSTR-BSR system 
at 4.29gSO42-/l.d is only 69.94% of the sulfate utilisation rate of the BSR_GLN2 system, operating 
at 6.14gSO42-/l.d, where both reactor substrate COD concentrations were 4gCOD/l.Thus, it can be 
concluded that the GL-BSR system operates at higher sulfate utilisation rates than the CSTR-BSR 
system for organic feed mixture concentrations less than 5500mgCOD/l.  
 
The GL-BSR system, with N2 gas stripping, was operated at a maximum sulfate utilisation rate of 
8.7 gSO42-/l.d, while the GL-BSR system, with CO2 gas stripping, was operated at a maximum 
sulfate utilisation rate of 8.5 gSO42-/l.d, and the CSTR-BSR system was operated at a maximum 
sulfate utilisation rate of 5.14 gSO42-/l.d. Moosa et al. (2002) reported operating a CSTR BSR 
system, fed acetate, at a maximum sulfate utilisation rate of 4.08 gSO42-/l.d. Van Hille et al. (2016) 
reported operating a CSTR BSR system, fed Acetate, at a maximum sulfate utilisation rate of 1.56 
gSO42-/l.d. Greben et al. (2000) reported operating at CSTR BSR system, fed ethanol, at a 
maximum sulfate utilisation rate of 6.6 gSO42-/l.d and sugar-fed system at maximum sulfate 
utilisation rate of 10.4 gSO42-/l.d. Greben et al. (2004) operated at CSTR BSR system, fed 
propionate, at a maximum sulfate utilisation rate of 0.95 gSO42-/l.d. Hence, the volumetric maximum 
sulfate utilisation rates for the CSTR-BSR systems operated in the present study are similar to the 
acetate fed CSTR BSR systems of other studies, as acetate is the most prominent  
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7.6.2. Operating pH of the GL-BSR_N2, GL-BSR_CO2 and CSTR-BSR systems 
A notable difference in the characteristics of the treated effluent from the CSTR-BSR and GL-BSR 
systems operated under different models is the difference in pH. There is a significant difference in 
the pH of the effluent water exiting the GL-BSR system, subject to the carrier gas used during the 
specific operation. Figures 7.6.2.a and b show the differences in the effluent water pH for the GL-
BSR and CSTR-BSR systems. 
172Figure 7.6.2.a: Comparing pH for the Gas-
lift and CSTR-BSR  systems @ Feed COD 
=2500mg/l 
173Figure 7.6.2.b: Comparing pH for the Gas-
lift and CSTR-BSR systems @ Feed COD 
=5000mg/l 
 
The pH of the CSTR_BSR system ranges between 7.61–7.88, for the system fed COD at 
2500mgCOD/l, and between 7.74–8.19, for the system fed COD at 5000mgCOD/l. The pH 
observed in the CSTR_BSR system is the result of mixed weak acid species CO2 and H2S produced 
by SRB activities in the reactor environment.  
The pH of the GL_BSR_N2 system ranges between 7. 76–8.74, for the GL_BSR_N2_2500, and 
between 7.44–8.75, for the GL_BSR_N2_5000. This is possibly due to N2 gas being considered 
non-soluble in aqueous solution and functioning as a stripping carrier for weak acid species H2S 
and CO2, from the BSR reactor. This results in a higher operating pH in the reactor, thus higher 
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Alternatively, the pH of the CO2 stripped system, GL_BSR_CO2_2500, is in the range 7.06–7.74, 
and in the range 7.08–7.6 for the GL_BSR_CO2_5000. This is due to CO2 gas is soluble in aqueous 
solution, and despite the weak acid species H2S being stripped from the aqueous solution, they 
dissolved in it to the point of saturation. CO2 from the BSR reactor. This results in a high operating 
pH in the reactor and thus high effluent pH.  
The pH characteristic for potable water standard is given in the range 6.5–8.5. The pH of the treated 
water from the GL_BSR systems alternated between CO2 and N2 gasses to ensure the target pH 
values were attained using GL-BSR technologies. Although the pH range for the treated water from 
the CSTR-BSR system falls in the target pH range for potable water, the presence of dissolved 
sulfide in the treated CSTR-BSR water limits the uses of this treated water. It is for this reason that 
GL-BSR technologies are advantageous over CSTR_BSR technologies in Coal-mine drainage 
treatment. 
 
7.6.3. Other operation of the GL-BSR_N2, GL-BSR_CO2 and CSTR-BSR systems 
that influence the selection of a specific technology over another 
The treated effluent water quality of the GL- BSR system is better than that of the CSTR_BSR 
system owing to the better COD and sulfate pollutant removal efficiencies of the GL- BSR system 
technology and the low levels of toxic dissolved H2S in solution. The water quality characteristic 
adds to the favourability of selecting GL–BSR technologies for use in the treatment of Coal-mine 
drainage, specifically in-light of the sulfate concentrations of various Coal-mine drainage never 
exceeding 4000mgSO42-/l as shown in Table 2.2.1A. 
 
The recovery of elemental sulfur from the treatment of Coal-mine drainage further ensures that 
sulfur-from-sulfate exits the process in a stable and non-toxic form as opposed to the harmful and 
highly reactive sulfide form. The sulfur product/by-product can further be evaluated to add positive 
economic value to the GL- BSR process. The added capital cost, based on the addition of gas 
sparging equipment and refilling of both CO2 gas and N2 gas, of GL- BSR system design and higher 
operating cost is a disadvantage for the selection of the GL- BSR technologies.  
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7.7.  Conclusions 
The evaluation of the prototype dynamic model describing the co-treatment of Coal mine drainage 
and FT reaction water is one of the main objectives of the current Chapter. This is done to evaluate 
and report the error levels related to the prediction results from the prototype model developed in 
the present study. In Section 7.2 the mass and charge balances for the COD, S-compounds and 
iron-ions are done to ensure that the error introduced during the validation of the model is known 
and limited to a 20% balancing error.  
Section 7.3 describes the evaluation of the prototype model for the SRB mediated reaction fed total 
organic substrate and that of the VFAs components, acetate, propionate, butyrate and valerate. The 
results of the prototype model are those generated from the simulation of the implemented model. 
This is done by comparison studies of the prototype model simulation results and the measured 
datasets. The measured datasets for the feed substrate concentrations (Si) are i) 1250, 2500, 5000, 
7500 and 10000 mgCOD/l for the BSR-CSTR system, and ii) 2500, 5000 and 10000 mgCOD/l for 
the GL-BSR system. The validation and parameter estimation steps for each system were limited to 
the hydraulic retention times (HRTs) of 2.5, 5, 10, 15 and 30 days. This section also describes the 
validation of the prototype model and final estimation of the kinetic parameters for the acetate and 
propionate utilising SRB.  
Section 7.4 considers the assessment of the simulation results from the implemented model of the 
sulfide and elemental sulfur oxidising bacteria mediated reactions. Section 7.5 describes the 
evaluation of the relative errors in the simulation results of the ABS unit and the ferrous bio-oxidation 
reactor units.  
Section 7.6 describes the estimations for datasets and development of equations describing the 
influence of substrate and H2S product inhibition on the SRB activity. The inhibition plots for both the 
CSTR-BSR and GL-BSR systems are evaluated and discussed in detail here. The notable impact of 
H2S product inhibition was observed in the CSTR-BSR system. Section 7.7 compares the CSTR-
BSR and GL-BSR systems. The advantages of the GL-BSR system over the CSTR-BSR system are 
also presented herein.  
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CHAPTER EIGHT 
CONCLUSIONS AND RECOMMENDATIONS 
 
8.1. Introduction 
This study aims to, firstly, conduct a bench-scale study of a CSTR-BSR and GL-BSR integrated 
system to co-treat a synthetic CMD and FTRW mixture. Secondly, the experimental datasets 
generated in from the bench-scale study are used to develop and validation of a prototype dynamic 
model describing both these systems. This prototype model is implemented into DHI WEST® 
simulation software. The error margin of the simulated vs measured results is determined for the 
COD, S-based and iron components. Finally, the prototype model will allow for a preliminary 
quantitative analysis and comparison of these the CSTR-BSR and GL_BSR integrated systems.  
 
8.2. Conclusions  
Different from the outcomes from the study by Matimba et al. (2008), this research concludes that 
the continuous operation of the CSTR-BSR system is feasible, beyond a reasonable double. The 
CSTR-BSR system used in this study was operated on a contiuous bases for the period from May 
2011 to March 2014, on a bases, under varying feed concentrations of i) 1250, 2500, 5000, 7500 
and 10000 mgCOD/ℓ and varying the hydraulic retention times (HRTs) of ii) 2.5, 5, 7.5, 10, 15 and 
30 days. Preliminary studies of the FTRW+CMD feed mixture, reported in Section 4.2, showed that 
the original feed mixture, as used in Matimba et al. (2008), resulted in a pH of 3.55. The continuous 
operation of the CSTR-BSR system failed at where the feed mixture at this pH was fed to this 
system. The feed mixture pH with the lowest risk of pH failure was selected at a pH range above 
5.8 to ensure that even under organic loading rates (OLR) the CSTR-BSR system pH would not 
drop below 6. Section 4.4 reported that make-up and condition of the artificially prepared 
FTRW+CWD mixture ranging from 5.8 to 6.2 (initial pH) and the pH reaching maximum pH values 
of 7.45 (1250mgCOD/ℓ), 8.11 (2500mgCOD/ℓ), 8.49 (5000mgCOD/ℓ), 8.59 (7500mgCOD/ℓ) and 
8.85 (10000mgCOD/ℓ) after 100 hours based on experimental studies. The equilibrium pH for the 
feed mixture was reported to be of 9.5 (1250mgCOD/ℓ), 9.6 (2500mgCOD/ℓ), 9.86 
(5000mgCOD/ℓ), 9.9 (7500mgCOD/ℓ) and 10.1 (10000mgCOD/ℓ) based on experimental studies 
and weak acid-base chemistry calculations. 
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The SRB biomass yield coefficients selected was determined from simulations using DHI WEST®, 
where 1) YVa was estimated at 0.075g/g that is close to that reported by Solon et al. (2017), 2) YBu 
was estimated at 0.054g/g that is close to that reported by Solon et al. (2017), 3) Ypro was estimated 
at 0.05 g/g that is close to that reported by Maillacheruvu and Park (1995) and Kalyuzhnyi et al. 
(2003) and 4) YAc was estimated at 0.175g/g that is close to that reported by Paula and Foresti 
(2009) and Hu et al. (2015).  
 
The simulation results for the DHI WEST® platform were compared to the measured datasets, at 
the HRT of 7.5day (which was not used in the validation of the prototype model), from bench-scale 
studies of the CSTR-BSR and BSR_GL systems to evaluate the error levels between the measured 
and predicted results. This is shown below; 
a. The DHI WEST® simulation prediction of the effluent total COD concentrations (Se) for the 
BSR_GLCO2, BSR_GLN2 and CSTR_BSR systems, operated at HRT of 7.5days, were 
performed using the kinetic constants at Km,SRB = 10.1, Kc,SRB,SRB  = 1.2 and Ks_SO4_SRB = 
0.45 to determine the error between the measured values and the simulation results.  
i. The error for prediction of the effluent total COD concentrations, from the different 
substrate COD feed concentrations to the BSR_GLCO2 operational mode system was 
found to have a mean (μ) and standard deviation (σ) of μ = 9.1% and σ = 1%, 
respectively.  
ii. The error for prediction of the effluent total COD concentrations of the BSR_GLN2 
operational mode system, from the different substrate COD fed case studies, was found to 
have a μ = 7.4% and σ = 5%, respectively.  
iii. The error for prediction of the effluent total COD concentrations of the CSTR_BSR 
operational mode system was found to have a μ = 26.6% and σ = 15.3%, respectively.  
Also, the total COD concentrations have further been subdivided into its VFAs components, e.g. 
acetate, propionate, butyrate and valerate, and the error of the effluent component 
concentrations was determined for each component.  
b. The SOB activity in the CSTR_BSR system, operated at HRT of 7.5days at the different feed 
substrate concentrations to the BSR system, was simulated for the kinetic constants at Km,SOB = 
9.37, Ks,SOB = 0.1 and KO_SOB = 3.26 using the DHI WEST® simulation software. The predicted 
effluent sulfide concentration results was evaluated for error of the mean (μ) and standard 
deviation (σ), which was μSOB = 27.7%, and σSOB = 15.2%, respectively.  
c. The relative errors determined for the predicted effluent elemental sulfur concentrations for the 
bS0 activity in the CSTR_BSR system, under similar conditions as the SOB evaluations above, 
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were simulated at the kinetic constants of Km,bS0 = 6.825 and Ks,bS0  = 0.024  and KO_bS0 = 0.01, 
using DHI WEST® was found to be μbS0 = 16.4% and σbS0 = 13.4%. 
d. Finally, the relative errors determined for the predicted effluent ferrous concentrations for the 
bFe2 activity in the BSR_GL system, at the kinetic constants at Km,bFe2 = 315g/l and Ks,bFe2  = 
.2g/l using DHI WEST® simulation software were determined to be μbFe2 = 7.5%, and σbFe2 = 
13.4%. 
The mean relative errors found for the predicted effluent concentrations using the model developed 
for the BSR systems is less than 30%. Further validations and parameter sensitivity analysis are 
recommended for this prototype model in follow-up work to improve the error of the predicted effluent 
concentrations. However, for the purpose of this study, this prediction error is acceptable.  
 
A prototype model describing the dynamics of the feed COD mixtures have been developed and 
includes the CO2 evolution from the different feed batches (feed COD Concentration) at for the first 
24-hour period to be 4.148 mg.l-1.hr-1 (1250), 9.949 mg.l-1.hr-1 (2500), 22.41 mg.l-1.hr-1 (5000), 36.84 
mg.l-1.hr-1  (7500) and 52.36 mg.l-1.hr-1 (10000). Mathematical models were also developed that 
describes the changes in pH and Alkalinity of the feed mixtures where the greatest change in pH 
was found to be from 5.8 to a maximum of 7.6.  
 
The substrate utilisation rate (gCOD.l-1.d-1) of the BSR_GLN2 and CSTR-BSR systems was 
compared to determine which system had the higher substrate utilisation rate. The results were 
found to be as follows,  
a. The substrate utilisation rate for the CSTR_BSR system is 60.82% of that of the substrate 
utilisation rate BSR_GLN2 system at Se for both system of 2gCOD/l, where both systems was 
fed COD of 2500mgCOD/l  
b. Also, for the BSR systems fed COD at 5000mgCOD/l, the substrate utilisation rate for the 
CSTR_BSR system was found to be 17.86% less than that of the BSR_GLN2 system at Se of 
2gCOD/l, for both systems. 
c. Finally, it was also found that the substrate utilisation rate for the CSTR_BSR system was 
30.06% less than that of the BSR_GLN2 system at Se of 4gCOD/l, for both systems fed 
substrate at 5000mgCOD/l. 
Thus, it can be concluded that the substrate utilisation rate for the CSTR_GL system is higher than 
that of the CSTR_BSR system, for both systems fed substrate at 2.5 or 5gCOD/l. However, the 
difference when comparing the substrate utilisation rate it is found the tat the reaction rate becomes 
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less at higher feed substrate concentrations. This is the influence of substrate inhibition on the 
active SRB biomass, which increases with increased effluent or reactor substrate concentrations.   
 
Finally, this research found that the use of GL- reactor technologies is superior to CSTR 
technologies in the treatment of coal-mine drainage utilising biological sulfate reduction (BSR). The 
CSTR-BSR system, fed sulfate between 1.6 to 14gSO42-/l, produced effluent with high dissolved 
H2S concentrations, on average 285mgS/l and maximum at >600mgS/l, which is hazardous to 
aquatic and human health and corrosive to infrastructure. The effluent from the CSTR-BSR system 
requires further treatment to stabilise the water for any use. The GL-BSR technology also allows 
for resource recovery of elemental sulfur, thus complying to the circular economy aim of this study.  
 
8.3. Recommendations  
The model developed in this study is at a prototype stage of development and requires further 
calibration my means of global sensitivity analysis (GSA) and uncertainly analysis. This would allow 
for estimations of the most sensitive parameters and reduce the uncertainly of result determined 
during simulation exercise.  
 
This research produced a prototype model that can describe both a CSTR-BSR and GL-BSR 
integrated system. However, the  
a. The prototype model was validated for sulfate concentration less than 1644mgSO42-/l . This 
because the objective of this study was to develop the prototype model from the feed sulfate 
concentration of 1644mgSO42-/l, which was the starting point of the Matimba et al. (2008) 
study. Further experimental work is recommended to feed sulfate concentrations less than 
1644 mgSO42-/l. This is needed to better understand the influence of H2S product inhibition 
and organic substrate inhibition at low feed concentrations. For the present study and the use 
of interpolation, it seems as if H2S product inhibition dominates the inhibition influences on 
SRB activity. This could be confirmed or disproved from further studies.  
b. The sulfate concentration to the experimental BSR systems did not exceed 14000mgSO42-/l. 
As such the experimental systems were never operated until failure related to feeding sulfate 
or organic substrate concentrations. In this study, the best-fit equation describing the dataset 
available was used to estimate the organic substrate concentration that might result in full 
inhibition. However, further experimental studies recommended determining the actual BSR 
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system failure resulting from Substrate concentrations. This will enable the correct modelling 
of the BSR systems at high feed concentrations.  
Further studies will be required to conduct a cost comparison between the GL-BSR integrated 
system and CSTR-BSR system. This will be useful to determine the actual financial benefits of the 
environmentally preferential GL_BSR system over the CSTR-BSR system.  
 
It is also recommended that some economical evaluation of the GL-BSR system be considered for 
further work. This will provided a tool for comparison of this technology with outer more mature 
technologies for consideration on pilot scale and ultimately real plant scale, subject to review of the 
integrated configurations for the most cost efficient and environmentally sustainable options.   
 
8.4. Closure 
This study arouses from a case study at a South African CTL operation and the drive towards the 
application of more environmentally sustainability technologies and focus on introduction of 
technologies that comply to the ideals a circular economy. This resulted in this study that focus on 
biological co-treatment of CMD and FTRW to replace the current used physico-chemical process 
used for CMD treatment and inefficient use of aerobic biological AS systems for FTRW treatment. 
 
This research managed to proof that biological sulfate reduction can be used as a feasible treatment 
technology for the co-treatment of FTRW and CMD. This study also managed to develop a 
prototype model that can describe the co-treatment of FTRW and CMD. After calibration of the 
prototype model this model would be a useful tool to conduct comparison studies for currently used 
treatment system to the proposed GL-BSR integrated system technology. This tool could further be 
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APPENDICES 





Number of  Runs Conducted Planned Completed
State State 90 90
Batch 7 7
Table A1: Overall Bench Scale Experimental Study Plan
Retention Times 30 15 10 5 2.5 7.5 Verify
COD Conc. (Stripping Gas Type)
2500 (None) √ √ √ √ √
5000 (None) √ √ √ √ √ √
2500 (N2 gas) √ √ √ √ √
5000 (N2 gas) √ √ √ √ √ √
2500 (CO2 gas) √ √ √ √ √
5000 (CO2 gas) √ √ √ √ √ √
Steady States 33 33
259 days from to
1091 days 25-Mar-11 20-Mar-14




















































1/4/13-     
9/4/13
5000 (CO2 gas)












Tested over a period of days
Some runs have been repeated that were not included in the dates above
Variables: 1) Feed COD concentration (mgCOD/ℓ) , 2) Reactor retention time (Days) and 3) Carrier/stripping  Gas
Table A2: Gas-lift BSR reactor runs completed during bensh scale experimental study
Number of sample or day tested 
Appendix A  




Retention Times 30 15 10 5 2.5 7.5 Verify
COD Conc. 
1250 √ √ √ √ √ √
2500 √ √ √ √ √ √
5000 √ √ √ √ √ √
7500 √ √ √ √ √ √
10000 √ √ √ √ √ √
Steady States 30 30



































































2 BSR CSTR units operated in parallel (R2 and R3)
Tested over a period of days  (R2 & R3) 1077
Some runs have been repeated that were not included in the dates above
Table A3: BSR CSTR runs completed during bensh scale experimental study
Variables: 1) Feed COD concentration (mgCOD/ℓ)  and  2) Reactor retention time (Days)
Number of sample or day tested (R2 & R3)
Appendix A  




Retention Times 10 5 2.5 0.75 0.5 1 Verify
COD Conc. 
5000 √ √ √ √ √ √
10000 √ √ √ √ √ √
15000 √ √ √ √ √ √
20000 √ √ √ √ √ √
25000 √ √ √ √ √ √
Steady States 30 30
Variables: 1) Feed Fe 2+  concentration (mg/ℓ)  and  2) Reactor retention time (Days)
Table A4: Fe2+ Bio-oxidation runs completed during bensh scale experimental study
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Appendix A2: Measured Datasets Tables 
Appendix A2.1.1: Integrated Gaslift BSR system operated as CSTR 
HRT 
Method COD COD:SO42- 






Retained Mass mol 
SI Units mgCOD/ℓ mgCOD/ℓ % % % m/m mol/mol 
2.5 CSTR 2466 1854 24.8% 121.0% 75.2% 0.68 0.66 
5 CSTR 2576 1386 46.2% 107.9% 53.8% 0.68 0.67 
10 CSTR 2614 848 67.6% 91.5% 32.4% 0.67 0.66 
15 CSTR 2339 535 77.1% 98.7% 22.9% 0.67 0.66 
30 CSTR 2388 400 83.3% 101.3% 16.7% 0.66 0.68 
                  
2.5 CSTR 4972 4254 14.4% 114.4% 85.6% 0.65 0.68 
5 CSTR 5123 3302 35.5% 96.8% 64.5% 0.69 0.67 
7.5 CSTR 4999 2620 47.6% 90.0% 52.4% 0.67 0.68 
10 CSTR 5236 2081 60.2% 89.5% 39.8% 0.68 0.66 
15 CSTR 5168 1462 71.7% 101.9% 28.3% 0.66 0.66 
30 CSTR 5540 815 85.3% 95.3% 14.7% 0.67 0.69 
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Appendix A2.1.2: Integrated Gaslift BSR system operated as CSTR 
HRT 
Method SO42- 







SI Units mg/ℓ mg/ℓ mg/ℓ mgS/ℓ % % % 
2.5 CSTR 3645 2801 36 263 23.1% 79.7% 76.9% 
5 CSTR 3762 2077 116 481 44.8% 64.0% 55.2% 
10 CSTR 3884 1287 238 637 66.9% 50.8% 33.1% 
15 CSTR 3512 810 248 696 76.9% 44.4% 23.1% 
30 CSTR 3605 590 265 802 83.6% 37.6% 16.4% 
  CSTR               
2.5 CSTR 7639 6242 175 319 18.3% 88.3% 81.7% 
5 CSTR 7394 4951 339 525 33.0% 80.2% 67.0% 
7.5 CSTR 7459 3868 530 741 48.2% 72.2% 51.8% 
10 CSTR 7694 3145 461 1074 59.1% 58.1% 40.9% 
15 CSTR 7821 2230 364 1597 71.5% 42.5% 28.5% 
30 CSTR 8208 1175 311 2178 85.7% 25.2% 14.3% 
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Appendix A2.1.3. Integrated Gaslift BSR system operated as CSTR 
HR
T 










y out ORP OLR 




ℓ mS.cm mS.cm mV   
2.5 CSTR 6.15 7.24 1222 1254 10.1 11.1 -340 986.4 
5 
CSTR 
6.05 8.41 1481 1129 9.3 10.6 -346 
1030.
4 
10 CSTR 6.33 8.83 1691 779 8.7 7.5 -359 87.1 
15 CSTR 6.06 8.75 1576 316 8.7 9.6 -427 78.0 
30 CSTR 5.93 8.27 1457 267 9.3 3.6 -378 79.6 
                    
2.5 
CSTR 
5.86 7.55 2451 3094 14.9 14.9 -396 
1988.
8 
5 CSTR 6.33 7.98 2733 3003 17.1 17.4 -340 2049 
7.5 CSTR 6.28 7.99 2413 2413 17.6 17.8 -402 167 
10 CSTR 5.34 8.05 2853 742 14.3 14.1 -416 175 
15 CSTR 6.25 8.00 2851 2003 16.1 16.4 -428 172 
30 CSTR 6.26 8.12 3317 525 14.3 8.4 -411 185 
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Appendix A2.1.4: Integrated Gaslift BSR system operated as CSTR 
 Method Feed Character % VFA Utilisation 
HRT 
Analysis mass% mass% mass% mass%         
SI Units                 
2.5 CSTR 40.4% 26.4% 25.0% 12.2% 73.0% 16.2% 5.2% 6.8% 
5 CSTR 40.0% 25.0% 20.0% 11.0% 83.2% 10.0% 2.3% 3.4% 
10 CSTR 42.0% 26.0% 20.0% 12.0% 88.2% 7.4% 2.5% 2.8% 
15 CSTR 41.0% 25.6% 21.0% 12.0% 89.6% 6.8% 2.5% 2.2% 
30 CSTR 39.0% 25.2% 21.0% 10.5% 91.3% 6.0% 3.0% 2.0% 
                    
2.5 CSTR 40.9% 26.1% 23.5% 13.4% 67.9% 18.2% 5.9% 8.3% 
5 CSTR 42.0% 24.8% 21.0% 12.0% 83.5% 10.5% 2.3% 3.9% 
7.5 CSTR 42.0% 25.7% 20.0% 12.0% 82.5% 10.2% 2.5% 4.0% 
10 CSTR 40.0% 26.7% 23.0% 13.3% 88.7% 8.5% 2.0% 2.5% 
15 CSTR 40.0% 26.3% 20.0% 13.0% 89.5% 7.2% 2.5% 2.4% 
30 CSTR 40.0% 26.0% 22.0% 10.0% 92.0% 5.2% 2.5% 1.0% 
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Appendix A2.2.1: Integrated Gaslift BSR system operated with N2 gas stripping 
HRT 
Method COD COD:SO42-   






Retained Mass mol   
SI Units mgCOD/ℓ mgCOD/ℓ % % % m/m mol/mol   
2.5 N2 2482 1282 48.3% 103.1% 51.7% 0.66 0.68   
5 N2 2555 699 72.6% 98.0% 27.4% 0.70 0.79   
10 N2 2784 432 84.5% 93.6% 15.5% 0.69 0.70   
15 N2 2313 281 87.9% 97.5% 12.1% 0.65 0.66   
30 N2 2546 231 90.9% 105.6% 9.1% 0.68 0.65   
                    
2.5 N2 4974 3381 32.0% 100.5% 68.0% 0.67 0.69   
5 N2 4969 2048 58.7% 96.8% 41.3% 0.68 0.67   
7.5 N2 5112 1649 67.7% 95.8% 32.3% 0.68 0.67   
10 N2 5238 1323 74.7% 95.5% 25.3% 0.67 0.68   
15 N2 5283 651 87.7% 99.4% 12.3% 0.67 0.67   
30 N2 5732 235 95.9% 93.2% 4.1% 0.71 0.69   
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Appendix A2.2.2: Integrated Gaslift BSR system operated with N2 gas stripping  
HRT Method Sulfate   
  






Retained   
  SI Units mg/ℓ mg/ℓ mg/ℓ mgS/ℓ % % %   
2.5 N2 3754 1897 66 501 49% 96% 51%   
5 N2 3677 885 66 921 76% 110% 24%   
10 N2 4022 621 174 967 84.6% 95.7% 15.4%   
15 N2 3565 427 71 1036 88.0% 102.0% 12.0%   
30 N2 3766 356 99 1108 90.5% 105.7% 9.5%   
                    
2.5 N2 7444 4887 135 650 34% 98% 66%   
5 N2 7349 3066 169 1346 58.3% 110.2% 41.7%   
7.5 N2 7493 2458 92 1690 67.2% 128.2% 32.8%   
10 N2 7815 1936 156 1809 75.2% 97.7% 24.8%   
15 N2 7882 972 228 2206 87.7% 77.5% 12.3%   
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Appendix A2.2.3: Integrated Gaslift BSR system operated with N2 gas stripping  
HRT Method Operation Characters 
  Analysis pH in  pH out Alk VFAs Conductivity in 
Conductivity 
out ORP OLR 
  SI Units     mgCaCO3/ℓ mgAc/ℓ mS.cm mS.cm mV   
2.5 N2 6.09 7.77 1623 834 9.2 9.6 -411 992.8 
5 N2 6.34 8.55 1769 662 10.6 10.6 -368 1022.2 
10 N2 6.56 8.75 2243 656 8.8 9.4 -396 92.8 
15 N2 5.52 8.54 1578 270 8.74 9.67 -399 77.1 
30 N2 6.11 8.71 1810 147 4.09 4.11 -323 84.9 
                    
2.5 N2 5.90 7.44 2553 2533 14.7 15.2 -407 1989.5 
5 N2 6.27 8.44 2920 2099 17.5 17.4 -405 1988 
7.5 N2 6.30 8.62 2873 1873 17.8 17.6 -438 170 
10 N2 5.31 8.75 2987 1277 14.4 10.1 -408 175 
15 N2 6.20 8.40 3383 1221 17.2 17.1 -422 176 
30 N2 5.91 8.41 3523 167 14.0 8.7 -414 191 
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Character       
% VFA 
Utilisation       












  SI Units 
2.5 N2 41.4% 25.6% 23.4% 13.5% 26.64% 10.63% 2.67% 0.69% 
5 N2 34.4% 25.3% 23.8% 15.1% 79.2% 72.6% 17.9% 6.2% 
10 N2 34.3% 24.8% 23.9% 15.9% 116.2% 23.6% 19.7% 6.9% 
15 N2 33.8% 26.4% 25.8% 16.9% 72.5% 29.9% 21.6% 6.6% 
30 N2 34.0% 27.1% 27.0% 14.8% 27.97% 5.41% 4.50% 0.66% 
                    
2.5 N2 41.9% 25.4% 22.6% 12.2% 13.19% 12.69% 4.12% 1.03% 
5 N2 33.3% 25.5% 28.8% 14.8% 43.5% 78.9% 28.7% 3.2% 
7.5 N2 33.9% 26.5% 25.1% 15.7% 47.4% 47.9% 9.8% 4.1% 
10 N2 34% 26% 24% 14% 41% 34% 15% 4% 
15 N2 33.2% 25.9% 25.0% 16.7% 90.3% 39.0% 22.4% 8.2% 
30 N2 39% 24% 24% 8% 40.75% 5.30% 4.43% 0.57% 
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Appendix A2.3.1: Integrated Gaslift BSR system  operated with CO2 gas stripping  
HRT 
Method COD COD:SO42-   






Retained Mass mol   
SI Units mgCOD/ℓ mgCOD/ℓ % % % m/m mol/mol   
2.5 CO2 2470 1322 46.4% 103.2% 53.6% 0.66 0.70   
5 CO2 2582 745 71.0% 99.6% 29.0% 0.70 0.76   
10 CO2 2507 339 86.5% 96.7% 13.5% 0.68 0.67   
15 CO2 2413 468 90.6% 97.1% 19.4% 0.65 1.28   
30 CO2 2546 193 92.6% 114.3% 7.4% 0.66 0.68   
                    
2.5 CO2 5010 3562 28.9% 102.2% 71.1% 0.66 0.69   
5 CO2 5196 2283 56.0% 95.1% 44.0% 0.70 0.69   
7.5 CO2 5037 1664 67.0% 96.1% 33.0% 0.67 0.67   
10 CO2 5018 1219 75.7% 98.9% 24.3% 0.67 0.66   
15 CO2 4908 698 85.8% 100.5% 14.2% 0.67 0.67   
30 CO2 5387 361 93.3% 98.2% 6.7% 0.69 0.68   
                    
5 CO2 9991 8932 11% 113% 89% 0.67 0.70   
7.5 
CO2 
10063 7851 22.0% 101.9% 78.0% 0.67 0.68   
10 CO2 10048 6927 31.0% 104.0% 69.0% 0.68 0.69   
15 CO2 10791 5646 47.6% 76.4% 52.4% 0.67 0.68   
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Appendix A2.3.2: Integrated Gaslift BSR system  operated with CO2 gas stripping  
HRT 
Method Sulfate   






Retained   
SI Units mg/ℓ mg/ℓ mg/ℓ mgS/ℓ % % %   
2.5 CO2 3731 1902 23 530 49% 96% 51%   
5 CO2 3674 981 18 935 73.3% 106.0% 26.7%   
10 CO2 3679 506 32 1026 86.2% 102.5% 13.8%   
15 CO2 3723 370 30 1155 90.1% 95.8% 9.9%   
30 CO2 4004 284 29 1288 92.9% 98.2% 7.1%   
                    
2.5 CO2 7535 5141 43 683 31.8% 97.7% 68.2%   
5 CO2 7426 3298 22 1439 55.6% 104.3% 44.4%   
7.5 CO2 7530 2492 19 1764 66.9% 99.8% 33.1%   
10 
CO2 
7535 1846 26 1869 75.5% 101.9% 24.5%   
15 CO2 7369 1033 43 2197 86.0% 100.6% 14.0%   
30 CO2 7810 529 28 2548 93.2% 98.6% 6.8%   
                    
5 CO2 14842 12820 37 1186 13.5% 111.9% 86.5%   
7.5 CO2 15047 7238 28 2735 51.9% 128.2% 48.1%   
10 CO2 14798 5579 39 3033 62.2% 130.5% 37.8%   
15 CO2 16107 8322 37 2715 48.2% 100.0% 51.8%   
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Appendix A2.3.3: Integrated Gaslift BSR system  operated with CO2 stripping gas 
HRT Method Operation Characters 




out ORP OLR 
SI Units     mgCaCO3/ℓ mgAc/ℓ mS.cm mS.cm mV   
2.5 CO2 6.16 6.97 1426 875 10.6 10.1 -267 988.0 
5 CO2 6.33 7.37 2254 533 10.5 10.5 -334 1032.8 
10 CO2 6.39 7.54 2012 327 9.1 10.2 -276 83.6 
15 CO2 5.84 7.35 1503 303 8.32 8.79 -319 80.4 
30 CO2 5.87 7.34 1363 151 3.93 4.42 -439 87.5 
                    
2.5 CO2 6.11 7.08 2294 2423 15.2 16.3 -403 2004 
5 CO2 6.51 7.42 3155 1944 20.1 19.0 -340 2079 
7.5 CO2 6.04 7.42 2767 1517 17.3 17.7 -351 168 
10 CO2 5.42 7.43 2961 1229 14.4 13.5 -309 167 
15 CO2 6.51 7.60 3244 715 17.0 18.3 -368 164 
30 CO2 6.10 7.36 3276 182 13.1 9.8 -410 180 
                    
5 CO2 6.24 7.54 5227 5569 29.9 29.6 -367 3996 
7.5 CO2 6.09 7.58 5011 5515 28 30 -350 335 
10 CO2 6.33 7.38 5121 5730 28.9 29.0 -377 335 
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2.5 CO2 41.3% 25.6% 23.0% 11.8% 28.63% 12.54% 1.85% 5.20% 
5 CO2 33.2% 25.9% 24.9% 15.8% 43.5% 102.9% 18.2% 4.2% 
10 CO2 34.1% 25.1% 23.9% 15.4% 114.7% 29.2% 15.9% 4.6% 
15 CO2 31.7% 25.7% 25.5% 17.0% 77.4% 22.9% 12.0% 4.2% 
30 CO2 35.5% 25.7% 24.8% 16.0% 29.83% 5.42% 3.89% 0.97% 
                    
2.5 CO2 41.5% 26.4% 22.0% 11.6% 16.64% 11.81% 1.28% 0.48% 
5 CO2 35.3% 25.3% 24.9% 13.3% 44.8% 68.1% 20.6% 7.6% 
7.5 CO2 33.5% 25.7% 25.2% 15.5% 49.6% 95.0% 10.3% 4.3% 
10 CO2 32.5% 25.5% 26.1% 14.3% 53.0% 58.3% 9.5% 5.3% 
15 CO2 32.0% 25.6% 26.0% 16.8% 66.4% 30.0% 18.2% 8.7% 
30 CO2 38% 23% 24% 12% 22.16% 2.53% 2.01% 0.69% 
                    
5 CO2 32.4% 26.8% 25.1% 16.2% 23.5% 25.9% 27.8% 13.1% 
7.5 CO2 32.9% 25.2% 26.0% 15.5% 15.9% 29.8% 28.5% 12.8% 
10 CO2 32.3% 26.6% 25.4% 14.3% 16.57% 46.54% 24.98% 4.25% 
15 CO2 32.3% 26.6% 25.4% 14.3% 16.43% 58.61% 18.87% 2.77% 
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Appendix A2.4.1.a: CSTR-BSR system operated at 2.5 days 
Feed COD 
Tag COD components COD:SO42-   











% of COD 
in % of COD in 
% of COD 
in 
Influen
t Effluent   
1250 1206.7 902.9 25.2% 129.7% 74.8% 0.68 1.01   
2500 2474.6 2029.0 18.0% 115.8% 82.0% 0.67 1.01   
5000 5100.0 4350.4 14.7% 107.2% 85.3% 0.67 1.00   
7500 7438.3 6638.4 10.8% 108.0% 89.2% 0.67 1.00   
10000 9953.7 9173.2 7.8% 106.0% 92.2% 0.67 1.01   
Sulphur -Based Components 
Character SO42- in 
SO42- 














l mgS/l           
1250 1782 1338 85.1 64 1.1 24.9% 99.5% 75.1% 
2500 3619 3010 161.1 56 0.0 16.8% 100.1% 83.2% 
5000 7483 6500 251.2 115 0.0 13.1% 100.0% 86.9% 
7500 11168 9910 319.0 81 0.0 11.3% 100.4% 88.7% 
10000 14913 13680 325.3 64 0.0 8.3% 97.9% 91.7% 
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Appendix A2.4.1.b: CSTR-BSR system operated at 2.5 days 
Operation characters 
Character pH in  pH out Alk VFAs Cond in Cond out TDS ORP 
Measurement         mS/cm mS/cm mg/l   
1250 6.10 7.50 645 446 5.2 5.5 2838.0 -376 
2500 6.36 7.61 822 925 8.7 9.8 4926.7 -340 
5000 6.23 7.74 1466 1900 17.4 17.6 9326.4 -377 
7500 5.98 7.84 2299 3858 23.2 22.9 12299.5 -380 
10000 6.06 7.88 2451 4266 29.9 28.5 15561.8 -411 
Character OLR Kla             
Measurement mgCOD/l.d (1/d) mgO/d           
1250 482.67 0.05 226.75           
2500 989.82 0.04 214.80           
5000 2040.00 0.05 234.95           
7500 2975.31 0.03 173.80           
10000 3981.47 0.02 122.57           
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Appendix A2.4.1.c: CSTR-BSR system operated at 2.5 days 
VFAs Analysis of feed and Effluent Streams from The BSR-CSTR system  
Feed COD Character Effluent COD Characteristics   
% of COD feed       % of Effluent COD          
Ac Pr Bu Va Ac Pr Bu Va   
34.2% 26.5% 25.3% 16.7% 32.9% 24.7% 5.4% 3.3%   
35.6% 25.8% 27.8% 14.0% 28.7% 25.0% 15.4% 3.2%   
33.7% 26.2% 25.1% 15.7% 28.5% 25.9% 13.9% 3.8%   
33.3% 26.0% 25.0% 15.8% 21.9% 25.0% 12.8% 4.7%   
34.9% 24.3% 26.6% 16.8% 40.6% 24.7% 12.7% 5.6%   
 
Appendix A2.4.2.b: CSTR-BSR system operated at 5 days 
Operation Characteristics 
Character pH in  pH out Alk VFAs Cond in Cond out TDS ORP 
Measurement         mS/cm mS/cm mg/l   
1250.0 5.8 7.8 673.2 498.1 5.2 7.0 3244.8 -330.4 
2500.0 6.1 7.9 793.9 667.8 9.0 11.6 5484.8 -353.9 
5000.0 6.4 8.1 1683.0 1655.0 17.4 18.3 9522.8 -406.8 
7500.0 6.2 8.3 3165.8 4676.9 22.6 23.2 12221.5 -424.9 
10000.0 6.1 8.6 4718.5 7878.1 31.3 29.1 16098.1 -368.5 
Character OLR Kla             
Measurement mgCOD/l.d (1/d) mgO/d           
1250 42.05 0.07 366.67           
2500 83.75 0.12 594.27           
5000 169.68 0.17 834.41           
7500 251.80 0.19 972.99           
10000 345.30 0.20 1013.98           
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Appendix A2.4.2.c: CSTR-BSR system operated at 5 days 
VFAs Analysis of feed and Effluent Streams from The BSR-CSTR system  
Feed COD Character Effluent COD Characteristics   
% of COD feed       % of Effluent COD          
Ac Pr Bu Va Ac Pr Bu Va   
34.1% 25.5% 24.9% 15.8% 43.5% 58.3% 8.5% 5.1%   
33.6% 25.1% 24.9% 13.7% 34.2% 48.8% 11.5% 2.3%   
33.5% 26.1% 25.1% 16.1% 27.1% 47.5% 22.8% 2.5%   
33.9% 25.3% 24.9% 14.9% 20.6% 42.5% 21.7% 3.1%   
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Appendix A2.4.3.a: CSTR-BSR system operated at 7.5 days 
Feed COD 
Tag COD components COD:SO42-   
Character in COD out COD Removal 
Mass 







% of COD 
in % of COD in 
% of COD 
in 
Influen
t Effluent   
1250 1205.10 385.00 0.68 1.07 0.32 0.64 0.61   
2500 2423.33 1025.75 0.58 1.11 0.42 0.68 0.66   
5000 4969.17 2644.17 0.47 0.99 0.53 0.66 0.66   
7500 7505.00 4659.10 0.38 0.99 0.62 0.68 0.68   
10000 10093.75 6868.75 0.32 0.99 0.68 0.68 0.68   
Sulphur -Based Components 
Character SO42- in 
SO42- 














l mgS/l           
1250 1881.5 634.7 115.3 311.5 32.7 66% 104% 34% 
2500 3570.4 1548.9 172.1 514.2 36.4 57% 102% 43% 
5000 7507.2 4019.8 378.6 792.2 25.1 46% 102% 54% 
7500 11072.9 6895.8 496.9 902.7 22.1 38% 101% 62% 
10000 14863.4 10155.4 528.0 1055.0 36.4 32% 101% 68% 
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Appendix A2.4.3.b: CSTR-BSR system operated at 7.5 days 
Operation Characteristics 
Character pH in  pH out Alk VFAs Cond in Cond out TDS ORP 
Measurement         mS/cm mS/cm mg/l   
1250.0 6.2 7.8 895.1 474.0 6.3 7.3 3624.0 -367.6 
2500.0 6.2 7.9 1009.5 818.8 10.3 11.1 5691.4 -419.4 
5000.0 6.3 8.2 1749.5 1677.7 17.5 18.0 9453.0 -459.2 
7500.0 6.1 8.4 3108.5 3705.4 21.8 22.8 11876.6 -456.5 
10000.0 5.8 8.5 4161.9 7240.1 27.0 25.8 14043.0 -416.9 
Character OLR Kla             
Measurement mgCOD/l.d (1/d) mgO/d           
1250 40.17 0.08 393.16           
2500 80.78 0.13 644.46           
5000 165.64 0.20 1016.59           
7500 250.17 0.23 1165.00           
10000 336.46 0.27 1332.83           
 
Appendix A2.4.3.c: CSTR-BSR system operated at 7.5 days 
VFAs Analysis of feed and Effluent Streams from The BSR-CSTR system  
Feed COD Character Effluent COD Characteristics   
% of COD feed       % of Effluent COD          
Ac Pr Bu Va Ac Pr Bu Va   
41.0% 25.6% 21.0% 11.0% 54.4% 37.2% 23.4% 6.6%   
42.0% 24.0% 20.0% 12.0% 51.2% 27.3% 4.3% 2.5%   
40.0% 25.5% 19.0% 12.0% 33.0% 41.1% 5.4% 2.7%   
41.0% 25.5% 24.0% 11.0% 19.1% 37.4% 3.3% 1.3%   
42.0% 24.5% 22.0% 12.0% 14.7% 40.0% 10.6% 1.3%   
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Appendix A2.4.4.a: CSTR-BSR system operated at 10 days 
Feed COD 
Tag COD components COD:SO42-   
Character in COD out COD Removal 
Mass 







% of COD 
in % of COD in 
% of COD 
in 
Influen
t Effluent   
1250 1329.03 337.89 0.75 1.19 0.25 0.750 0.641   
2500 2556.97 920.00 0.64 1.04 0.36 0.709 0.644   
5000 5156.67 2146.11 0.58 0.99 0.42 0.673 0.659   
7500 7472.78 3811.33 0.49 0.98 0.51 0.705 0.664   
10000 10852.00 6328.80 0.42 0.96 0.58 0.689 0.665   
Sulphur -Based Components 
Character SO42- in 
SO42- 














l mgS/l           
1250 1773.4 527.5 76.8 364.1 23.1 70% 103% 30% 
2500 3614.1 1427.8 161.9 609.3 54.6 60% 103% 40% 
5000 7664.5 3256.6 385.5 1106.1 53.4 57% 104% 43% 
7500 10629.2 5742.4 466.7 1269.3 53.9 46% 102% 54% 
10000 15760.2 9520.9 534.5 1655.2 74.9 40% 102% 60% 
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Appendix A2.4.4.b: CSTR-BSR system operated at 10 days 
Operation Characteristics 
Character pH in  pH out Alk VFAs Cond in Cond out TDS ORP 
Measurement         mS/cm mS/cm mg/l   
1250.0 6.5 7.7 518.1 159.6 4.0 6.3 2744.0 -375.5 
2500.0 6.2 7.9 1178.2 377.3 7.5 8.4 4247.9 -395.6 
5000.0 6.2 8.1 1547.6 866.9 15.6 15.2 8201.9 -435.3 
7500.0 6.6 8.4 1721.4 1559.1 22.7 20.0 11364.6 -438.8 
10000.0 6.3 8.4 2032.4 2750.2 25.9 27.4 14206.8 -331.3 
Character OLR Kla             
Measurement mgCOD/l.d (1/d) mgO/d           
1250 44.30 0.06 289.46           
2500 85.23 0.11 548.52           
5000 171.89 0.22 1080.90           
7500 249.09 0.22 1118.37           
10000 361.73 0.31 1535.94           
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Appendix A2.4.4.c: CSTR-BSR system operated at 10 days 
VFAs Analysis of feed and Effluent Streams from The BSR-CSTR system  
Feed COD Character Effluent COD Characteristics   
% of COD feed       % of Effluent COD          
Ac Pr Bu Va Ac Pr Bu Va   
35.3% 25.9% 24.1% 14.2% 71.1% 12.0% 9.3% 4.6%   
35.6% 26.5% 23.9% 13.0% 50.8% 8.5% 3.3% 1.3%   
33.2% 23.9% 24.9% 17.5% 30.5% 64.7% 3.5% 1.8%   
34.7% 25.4% 25.3% 14.9% 20.0% 51.8% 2.0% 0.3%   
32.6% 25.0% 24.2% 15.3% 12.5% 48.8% 5.9% 1.6%   
 
Appendix A2.4.5.a: CSTR-BSR system operated at 15 days 
Feed COD 
Tag COD components COD:SO42-   
Character in COD out COD Removal 
Mass 







% of COD 
in % of COD in 
% of COD 
in 
Influen
t Effluent   
1250 1263.56 268.39 0.79 1.08 0.21 0.566 0.662   
2500 2505.50 636.86 0.75 1.06 0.25 0.573 0.663   
5000 5088.50 1589.84 0.69 0.99 0.31 0.618 0.659   
7500 7698.44 2698.09 0.65 0.94 0.35 0.703 0.668   
10000 10265.17 4182.03 0.59 0.92 0.41 0.813 0.665   
Sulphur -Based Components 
Character SO42- in 
SO42- 














l mgS/l           
1250 1907.2 474.4 53.4 447.3 73.9 75% 107% 25% 
2500 3780.6 1110.7 110.0 829.9 159.3 71% 107% 29% 
5000 7726.2 2572.8 326.5 1444.3 92.6 68% 103% 32% 
7500 11519.6 3836.0 456.0 2038.1 111.0 64% 102% 36% 
10000 15448.5 5144.3 518.7 2532.9 172.0 59% 104% 41% 
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Appendix A2.4.5.b: CSTR-BSR system operated at 15 days 
Operation Characteristics 
Character pH in  pH out Alk VFAs Cond in Cond out TDS ORP 
Measurement         mS/cm mS/cm mg/l   
1250.0 6.1 7.7 883.7 165.2 6.8 7.5 3820.8 -348.6 
2500.0 5.5 7.8 1618.9 835.3 9.2 9.4 4950.3 -403.1 
5000.0 5.5 8.1 2752.3 1327.9 15.2 16.0 8312.5 -397.6 
7500.0 6.1 8.5 3994.1 2213.1 21.7 20.8 11332.7 -418.1 
10000.0 6.2 8.4 5587.5 2689.5 27.7 26.1 14322.8 -437.8 
Character OLR Kla             
Measurement mgCOD/l.d (1/d) mgO/d           
1250 42.12 0.06 276.39           
2500 83.52 0.10 502.56           
5000 169.62 0.18 923.56           
7500 256.61 0.26 1295.56           
10000 342.17 0.33 1664.13           
 
Appendix A2.4.5.c: CSTR-BSR system operated at 15 days 
VFAs Analysis of feed and Effluent Streams from The BSR-CSTR system          
Feed COD Character   Effluent COD Characteristics   
% of COD feed       % of Effluent COD          
Ac Pr Bu Va Ac Pr Bu Va   
32.6% 26.6% 26.6% 17.0% 95.3% 12.3% 5.7% 5.0%   
31.7% 25.9% 25.2% 16.0% 59.4% 8.5% 2.4% 1.1%   
31.6% 25.9% 26.3% 15.9% 27.6% 58.6% 3.6% 0.6%   
33.8% 25.4% 24.9% 15.3% 32.0% 60.2% 2.1% 0.7%   
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Appendix A2.4.6.a: CSTR-BSR system operated at 30 days 
Feed COD 
Tag COD components COD:SO42-   
Character in COD out COD Removal 
Mass 







% of COD 
in % of COD in 
% of COD 
in 
Influen
t Effluent   
1250 1214.70 219.65 0.82 1.24 0.18 0.643 0.412   
2500 2392.67 450.56 0.81 1.10 0.19 0.689 0.499   
5000 5403.40 757.10 0.86 1.02 0.14 0.677 0.551   
7500 7588.57 1017.71 0.87 1.00 0.13 0.679 0.522   
10000 10133.47 1368.20 0.86 0.97 0.14 0.668 0.537   
Sulphur -Based Components 
Character SO42- in 
SO42- 














l mgS/l           
1250 1888.5 531.4 35.1 480.6 203.6 72% 114% 28% 
2500 3476.4 903.4 69.5 871.0 230.9 74% 110% 26% 
5000 7986.9 1375.1 185.1 2104.2 253.0 83% 107% 17% 
7500 11170.4 1950.1 275.2 2948.9 431.1 83% 108% 17% 
10000 15173.5 2541.8 359.0 4015.9 499.7 83% 106% 17% 
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Appendix A2.4.6.b: CSTR-BSR system operated at 30 days 
Operation Characteristics 
Character pH in  pH out Alk VFAs Cond in Cond out TDS ORP 
Measurement         mS/cm mS/cm mg/l   
1250.0 5.8 7.5 779.1 175.0 5.4 3.1 2255.1 -374.7 
2500.0 5.9 7.6 791.4 148.6 7.1 6.5 3613.1 -394.2 
5000.0 6.0 7.8 1964.6 355.2 12.1 10.2 5956.0 -395.5 
7500.0 5.9 7.9 3648.9 472.6 17.8 21.7 10506.5 -381.8 
10000.0 6.0 8.1 5094.9 537.2 26.1 23.7 13295.1 -404.8 
Character OLR Kla             
Measurement mgCOD/l.d (1/d) mgO/d           
1250 40.48985507 0.03 135.94           
2500 79.75555556 0.05 256.36           
5000 180.1133333 0.07 343.16           
7500 252.952381 0.18 919.60           
10000 337.7822222 0.25 1243.20           
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Appendix A2.4.6.c: CSTR-BSR system operated at 30 days 
VFAs Analysis of feed and Effluent Streams from The BSR-CSTR system  
Feed COD Character Effluent COD Characteristics   
% of COD feed       % of Effluent COD          
Ac Pr Bu Va Ac Pr Bu Va   
33.08% 24.97% 25.81% 11.99% 78.94% 7.87% 4.41% 2.89%   
35.23% 25.11% 20.08% 9.26% 53.48% 17.35% 12.67% 3.52%   
35.49% 23.90% 24.37% 11.46% 41.01% 26.19% 2.26% 1.25%   
35.05% 23.26% 23.03% 15.62% 44.25% 51.89% 2.44% 1.42%   
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Appendix B1: Determine the pH established for the actual FTRW and 
CMD and that of actual FTRW+CMD mixture 
The speciation and pH for the actual reported FTRW and Coal-mine drainage (CMD) compositions 
are evaluated using weak acid-based chemistry for the reported compositions. In doing so, the 
reported composition could be validated using the reported pH vs the calculated pH. If 
discrepancies arise between the calculated and reported pHs, then the components will be adjusted 
with Ca(OH)2 (slaked lime) or CaCO3 (Limestone) addition, to match predicted and measured pH. 
Furthermore, the pH established after mixing of the actual FTRW and CMD are also determined. 
A physico-chemical model was developed for determining the pH and speciation of the actual Coal-
mine drainage (CMD), the adjusted CMD, FTRW and the mixture of the FTRW and CMD. Table 
B.1.a shows the components and species involved in the weak acid-base chemistry of the FTRW, 
CMD and the mixture of these effluent streams.  
Table B.1.a: Feed Conditioning Model Components 




















Water H2O H2O 
Hydrogen ion H+ S_H 
Hydroxyl ion OH- S_OH- 
Iron Fe2+/Fe3+ S_Fe 
Sodium Na+ S_Na 
Calcium Ca2+ S_Ca 
Magnesium Mg2+ S_Mg 
Chloride Cl- S_Cl 
Acetate CH3COO- S_Ac 
Propionate CH3CH2COO- S_Pr 
Butyrate CH3(CH2)2COO- S_Bu 
Valerate CH3(CH2)3COO- S_Va 
Carbonate CO32- S_CO3 
Bicarbonate HCO3- S_HCO3 
Dihydrogen carbonate H2CO3 S_H2CO3 
Sulfate  SO42- S_SO4 
Bisulfate  HSO42- S_HSO4 
Gases Carbon dioxide CO2 CO2 
 
The equilibrium dissociation and mass balance expressions described in Section 2.5.1 are used to 
model the weak acid-base equilibrium chemistry for the individual and combined feed components 
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in a 2 phase (aqueous-gaseous) system. These expressions are implemented in MATLAB® to 
simulate the conditions for the different scenarios considered. The MATLAB® code used for 
determining the speciation and pH for the different scenarios is presented in Appendix C.1. 
B.1.1 Determine the speciation for the actual reported coal-mine drainage 
Table 2.2.1A in Chapter 2 gives an average composition for the actual Coal-mine drainage found 
in Secunda-Trichardt area, South Africa, as reported by Nieuwenhuis et al. (2000) and Surender et 
al. (2009). The Coal-mine drainage (CMD) composition of this CMD are SO42- = 3258mg/l, Fe2+/Fe3+ 
= 0.3mg/l, Ca2+ =176 mg/l, Mg2+ = 160 mg/l, Na+ = 1200 mg/l, Cl- = 260 mg/l, Alkalinity (inorganic 
carbon) = 115 mg/l (as CaCO3) and TDS (Total Dissolved Solids) = 5200 mg/l. It is reported that 
this CMD has a pH of 8.5. The equations to calculate the pH for the given components of CMD 
applies the proton balance equation for a system open to air (Alk_eql) and contains CO32- Acidity of 
a carbonate strata source (Alk) are shown in equations E4.3.a and b. 
𝐿𝐿𝐻𝐻𝑆𝑆 = 𝐴𝐴𝑙𝑙𝐴𝐴𝑀𝑀𝑎𝑎𝑐𝑐 = 2 × [𝐶𝐶𝑂𝑂32−]𝑀𝑀𝑎𝑎𝑐𝑐 + [𝐻𝐻𝐶𝐶𝑂𝑂3−]𝑀𝑀𝑎𝑎𝑐𝑐 + [𝑂𝑂𝐻𝐻−]𝑀𝑀𝑎𝑎𝑐𝑐 − [𝐻𝐻+]𝑀𝑀𝑎𝑎𝑐𝑐  (E. 4.3.a) 
𝑅𝑅𝐻𝐻𝑆𝑆 = 𝐶𝐶𝑂𝑂3 2−_𝐴𝐴𝑐𝑐𝐴𝐴𝑑𝑑 = 2 × [𝐻𝐻2𝐶𝐶𝑂𝑂3∗] + [𝐻𝐻𝐶𝐶𝑂𝑂3−] + �𝐻𝐻∓� − [𝑂𝑂𝐻𝐻−]    (E. 4.3.b) 
Where the total inorganic carbon concentration (CTeql) for a system open to the air is based on the 
CO2 equilibrium shown by equation E4.3.c,  




+ 9619 − 0.00756 × T at T in K, and the ρCO2 used with this study is 0.0004 atm. 
or 400ppm. This relates to the ρCO2 reported by Smith and Hollingsworth (2001) and Xue et al. 
(2014) of 0.000380 and 0.000385 atm. respectively. The speciation and equilibrium pH determined 
are presented in Figure B.1.b. and summarised in Table B.1.a 
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Figure B.1.b: Equilibrium pH of CMD 1 
 
Figure B.1.a shows a Log species pH diagram for the Coal-mine drainage. The equilibrium pH for 
this water was determined to be 7.8. This is lower than the reported pH of 8.5. The pH of the CMD 
was recalculated after amendments to the Ca2+, OH- and Alkalinity of the reported concentrations 
for the CMD by the addition of Ca(OH)2 (slaked lime) or CaCO3 (Limestone). This addition of the 
OH- species and adjustment of the CO32- Acidity are subject to the [H2CO3*] and [HCO3-] 
concentrations determined from the adjusted CT from equation E4.3.b. Figures 4.2.b and c show 
the weak acid-base systems for the Ca(OH)2 (Fig.B.1.c) and CaCO3 dosing (Fig. B.1.d) for the 
adjusted CMD solutions at pCO2 equilibrium to achieve a pH = 8.5 as reported.  
 
Figure B.1.c: CMD with CaOH2 adjustment3 
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Adjusting the pH to 8.5 with Ca(OH)2, requires the addition of 95 mg/l of Ca(OH)2. This resulted in 
the Ca2+ concentration of 100 mg/l instead of the reported 176 mg/l and a resulting TDS of 4650 
mg/l instead of 5200 mg/l with no change in the system Alk. (Inorganic Carbon Alkalinity) as 
presented in Table 4.2.c for the CWM column. Alternatively, dosing CaCO3, as shown in Fig. 4.2.c 
and listed in Table 4.2.d (column CMD) requires the addition of 600 mg/l CaCO3, which changes 
the Ca2+ concentration of 240 mg/l to the 176 mg/l, the TDS of 4930 mg/l and an H2CO3* Alk. of 
606 mg/l as CaCO3. The actual composition and speciation of the CMD reported by Nieuwenhuis 
et al. (2000) and Surender et al. (2009) are likely represented by the addition of Ca(OH)2 (slaked 
lime) or CaCO3 (Limestone) to align with the reported pH due to the strata present in this mining 
area in the Secunda-Trichardt area, South Africa. 
 
B.1.2. Determine the speciation for the actual reported FTRW 
The composition and pH of the actual FTRW are in part given in Van Zyl et al. (2008) but not 
completely specified due to confidentiality issues around the composition of the Sasol FTRW. So, 
an approximate FTRW was used in this study. The composition of Fischer-Tropsch Reaction Water 
(FTRW) is described in Sections 2.3.4, 3.2.2.1 and shown in Table 3.2.a. It consists primarily of 
Acetic acid = 7526 mgCOD/l, Propionic acid = 3626 mgCOD/l, Butyric acid = 2517 mgCOD/l and 
Valeric acid = 1331 mgCOD/l. The speciation and pH established were determined from the proton 
balance of all the species in the FTRW open to the air (at the equilibrium of pCO2 = 0.0005 atm.) 
as shown by equations E4.3.d and e, 
𝐿𝐿𝐻𝐻𝑆𝑆 = 2 × [𝐶𝐶𝑂𝑂32−]𝑀𝑀𝑎𝑎𝑐𝑐 + [𝐻𝐻𝐶𝐶𝑂𝑂3−]𝑀𝑀𝑎𝑎𝑐𝑐      (E. 4.3.d) 
𝑅𝑅𝐻𝐻𝑆𝑆 = [𝐴𝐴𝑐𝑐−] + [𝐴𝐴𝑃𝑃−] + [𝐵𝐵𝐵𝐵−] + [𝑉𝑉𝐶𝐶−] + [𝑂𝑂𝐻𝐻−]     (E. 4.3.e) 
The weak acid base chemistry for this effluent is presented in Figure B.1.e below.  
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Figure b.1.e: FTRW as Reported3 
 
A pH of 2.77 was determined from the calculation, which is close to the pH reported for the actual 
FTRW effluent stream.  
B.1.3. Determine the speciation and pH for different mixtures of actual FTRW and 
CMD 
Mixing FTRW and Coal-mine drainage is a requirement in the co-treatment. Thus, for the 
preparation of the artificial feed mixture, details of the actual mixture speciation and pH need to be 
determined. To determine the characteristics of the mixture of the actual FTRW and CMD effluent 
streams, the key condition that needs to be achieved in the mixture is a COD:SO42- mass ratio of 
0.67 to 0.73. This is one of the main criteria for biological sulfate reduction. Based on the COD 
concentration of the actual FTRW and the SO42- concentration of the actual CMD, it was determined 
that after mixing the COD concentration of the mixture must be 2050 mgCOD/l and the SO42- of 
2800 mg/l. This requires a 14% (v/v) of FTRW and 86% (v/v) of CMD mixture. This result was 
obtained with an iterative procedure using the Solver ® function in Microsoft Excel®.  
The pH and speciation of the mixture of actual FTRW and CMD were determined with the 
MATLAB® platform and the code written for this purpose presented in Appendix C. Table B.1.b 
shows a summary of the results from the simulation for; i) the actual CMD stream with no lime or 
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Table B.1.b : Actual FTRW and Actual CMD and the Mixture of the Effluent Streams 
Components Added Units  
FTRW + CMD Mixture Actual FTRW Actual CMD 
ƒmass CODin Conc ƒmass CODin Conc ƒmass CODin Conc 
pH      3.55   2.77   7.79 
CODin mgCOD/l         1.00  2053.9         1.00  15000     
Ac mgCOD/l       0.502  1031       0.502  7526     
Pr mgCOD/l       0.242  496       0.242  3626     
Bu mgCOD/l       0.168  345       0.168  2517     
Va mgCOD/l       0.089  182       0.089  1331     
SO42- mgSO42-/l         0.73  2814             0.73  3260 
Fe2+/Fe3+ mg/l 0.00009 0.26     0.00009 0.3 
Ca+ mg/l 0.054 152     0.054 176 
Mg+ mg/l 0.049 138     0.049 160 
Na+ mg/l 0.368 1036     0.368 1200 
Cl- mg/l 0.080 224     0.08 260 
Alk mg/l as CaCO3   115       115 
TDS mg/l   4360       4490 
Make-up Vol l   1000   137   863 
 
Figure B.1.f shows the Log Species diagram for the results of the mixture of the actual FTRW and 
the actual CMD as listed in Table B.1.b 
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The pH determined for the mixture is 3.55. This is due to the dominating influence of the VFA 
species in the mixture of the actual FTRW + CMD. 
Table B.1.c and Fig. B.1.g show the results for the mixture of FTRW and CMD with added Ca(OH)2. 
In this case, a pH of 3.93 was established for the mixture. This once again points to the dominating 
influence of the VFA species in establishing the system pH for the mixture.  
Table B.1.c: Actual FTRW and Actual CMD + Ca(OH)2 and the mixture of the Effluent Streams 
Components 
Added Units  
FTRW + CMD 
Mixture Actual FTRW 
Actual CMD + 
Ca(OH)2 
ƒmass CODin Conc ƒmass CODin Conc ƒmass CODin Conc 
pH      3.93   2.77   8.51 
CODin mgCOD/l         1.00  2053.9         1.00  15000     
Ac mgCOD/l       0.502  1031       0.502  7526     
Pr mgCOD/l       0.242  496       0.242  3626     
Bu mgCOD/l       0.168  345       0.168  2517     
Va mgCOD/l       0.089  182       0.089  1331     
SO42- mgSO42-/l         0.73  2814             0.73  3260 
Fe2+/Fe3+ mg/l 0.00009 0.26     0.00009 0.3 
Ca+ mg/l 0.031 87     0.031 95 
Mg+ mg/l 0.049 138     0.049 160 
Na+ mg/l 0.368 1036     0.368 1200 
Cl- mg/l 0.080 224     0.08 260 
Alk mg/l as CaCO3   115       115 
TDS mg/l   4490       4650 
Make-up Vol l   1000   137   863 
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Figure B.1.g: Mixing Actual CMD + FTRW+ CaOH2 Added 
Table B.1.d and Fig. B.1.h show the results for the mixture of FTRW and CMD with added CaCO3. 
The pH established in this mixture is 4.14. Again, due to the VFA species dominating the speciation. 
The addition of carbonate yielded the best buffering capacity to the influence of the VFAs from 
FTRW to provide the highest pH value in the mixture of FTRW + CMD.  
Table B.1.d: Actual FTRW and Actual CMD + CaCO3 and the mixture of the Effluent Streams 
Components Added Units  
FTRW + CMD Mixture Actual FTRW Actual CMD + CaCO3 
ƒmass CODin Conc ƒmass CODin Conc ƒmass CODin Conc 
pH      4.14   2.77   8.46 
CODin mgCOD/l         1.00  2053.9         1.00  15000     
Ac mgCOD/l       0.502  1031       0.502  7526     
Pr mgCOD/l       0.242  496       0.242  3626     
Bu mgCOD/l       0.168  345       0.168  2517     
Va mgCOD/l       0.089  182       0.089  1331     
SO42- mgSO42-/l         0.73  2814             0.73  3260 
Fe2+/Fe3+ mg/l 0.00009 0.26     0.00009 0.3 
Ca+ mg/l 0.031 204     0.074 240 
Mg+ mg/l 0.049 138     0.049 160 
Na+ mg/l 0.368 1036     0.368 1200 
Cl- mg/l 0.080 224     0.08 260 
Alk mg/l as CaCO3   50       606 
TDS mg/l   4490       4930 



































H OH eqCO3 eqHCO3 HCO3
H2CO3 SO42 HSO4 Ac Pr
Bu Va LHS RHS EQL
Appendix A  
410 | P a g e  
 
  
Figure B.1.h: Mixing ActCMD + actFTRW+CaCO3 Added 
A critical issue to avoid system failure during the co-treatment of FTRW and CMD is that the pH of 
the BSR reactor aqueous phase should not drop below an operating lower pH limit of 6.0 to 6.5. 
O’Flaherty et al. (1998) reported the optimal activity of Sulfate-reducing Bacteria (SRBs) to be in 
the range of 7.5 to 8.5.  
The lower growth rates and activity at pH below 6.8 for SRBs have been attributed to the inhibitory 
effect of the un-ionised dissolved H2S concentration which increases due to a shift in equilibrium 
speciation toward this form of sulfide of pH < 7.0, i.e. pKH2S/HS- ≈ 7.0. During the start-up period of 
the experimental systems in this study, it was realised that the low pH of the feed mixture, 
specifically during periods of high feed flux, resulted in the reactor pH dropping below a pH of 6.5. 
This resulted in the measured redox potential falling to -20 mV and system failure within 24 hours. 
To prevent this type of system failure, the pH of the feed mixture was raised to above 5. An ideal 
pH range was determined experimentally to be within the pH range of 5.5 to 6.2, for the artificial 
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Appendix B2: Experimental Dataset for Feed Batch pH changes over a 





0 5.87 5.8 6.05 6.1 6.15 5.95 6 6.15 6.18 6.23 5.77 5.79 5.99 6.04 6.07 5.8 5.8
0.33
0.5 5.88 6.11 6.31
1 6.01 6.03 6.18 6.2 6.21 5.89 5.9
1.33
2 5.95 5.94 6.25 6.39 6.36 6.04 6.05 6.25 6.26 6.3 5.81 5.85 6.01 6.15 6.21
3 6.07 6.26 6.33
4 6.08 6.29 6.36
5 6.09 6.3 6.37 5.98 6.0
10 6.01 6.05 6.42 6.42 6.52 6.08 6.12 6.35 6.42 6.48 6.05 6.1
12 6.04 6.06 6.54 6.45 6.41 6.09 6.14 6.36 6.44 6.53 5.87 5.99 6.18 6.25 6.35
15 6.15 6.1
17
21 6.15 6.3 6.7 6.65 6.8 6.25 6.21 6.55 6.78 6.85 6.09 6.12 6.41 6.6 6.74 6.25 6.3
24
25 6.42 6.88 6.85
27 6.4 6.35 6.75 6.86 6.98
29 6.38 6.45 6.89 7.02 7.05 6.34 6.4
35 6.45 6.59 6.98 7.12 7.18 6.45 6.44 6.99 7.15 7.31 6.25 6.38 6.71 6.88 6.92 6.48 6.6
48 6.69 6.8
50 6.64 6.95 7.43 7.35 7.37 6.67 6.82 7.2 7.56 7.75 6.57 6.73 6.98 7.38 7.45 6.73 6.9
60 6.85 7.25 7.85 7.89 7.75 6.75 7 7.41 7.58 7.62 6.88 7.0
70 7.56 7.99 8.12
72 7.25 7.35 7.95 8.16 8.19
88 7.42 7.95 8.45 8.5 8.34 7.31 7.95 8.28 8.34 8.55 7.3 7.55 8.05 8.3 8.45 7.41 7.6
100 8.85 7.45 8.11 8.49 8.59 8.85
hours 1250-4 25001250-3 2500-3 5000-3 7500-3 10000-31250-2 2500-2 5000-2 7500-2 10000-21250-1 2500-1 5000-1 7500-1 10000-1
Table 4A: Experiemental Data for the feed conditioning
Run 1 Run 2 Run 3   
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Appendix C1: MATLAB code loop for calculating actual CMW weak acid-
base chemistry 




%% 1.Mass inputs to molar Fluxes  
Alkin = 115;          %from Nieuwenhuis et al. 2000  
COD = 15000;          % van Zyl et al. (2008) 
CaOH2in = 0;         % pH adjustment to comply with reported values 
  
SOT  =(3260/1000)*(1/MMSO4)*(v2);                 %Nieuwenhuis et al. 2000 
Na = (1200/1000)*(1/MMNa)*(v2);                    %Nieuwenhuis et al. 2000 
Fe = (0.3/1000)*(1/MMFe)*(v2);                     %Nieuwenhuis et al. 2000 
Ca = (((Alkin*0.4)+(CaOH2in*.54))/1000)*(1/MMCa)*(v2) %Nieuwenhuis et al. 2000 
Cl  = (260/1000)*(1/MMCl)*(v2);                    %Nieuwenhuis et al. 2000 
Mg = (160/1000)*(1/MMMg)*(v2);                    %Nieuwenhuis et al. 2000 
AT  = (COD/1000)*0.502*(1/MMAc)*(v1);              %van Zyl et al. (2008) 
PrT = (COD/1000)*0.242*(1/MMPr)*(v1);               % van Zyl et al. (2008) 
BT  = (COD/1000)*0.168*(1/MMBu)*(v1);               % van Zyl et al. (2008) 
VT  = (COD/1000)*0.089*(1/MMVa)*(v1);                % van Zyl et al. (2008) 
CO3in = (0.5)*(Alkin/1000)*0.6*(1/MMCO3)*(v2); % 60/100 = 0.6 mg of CO32- 
OHadd =((CaOH2in*0.46)/1000)*(1/MMOH)*(v2); 
                                                                                     
%% Step 1: The Feed Ionic Strength to determine the influence of H ion activity  
  
for is_pH = 2.8 ; 
     
is_OH = (10^(is_pH-tpKw))+ OHadd;                                                         
is_H = 10^-is_pH ; 
is_HCO3 = CO3in/((10^(tpKc1-is_pH))+(10^(is_pH-tpKc2))+1); 
is_H2CO3 = CO3in/((10^(2*is_pH-tpKc1-tpKc2))+(10^(is_pH-tpKc1))+1); 
is_CO3 = CO3in - is_HCO3 - is_H2CO3; 
is_SO4 = SOT/(10^(tpKso-is_pH)+1); 
is_HSO4 = SOT - is_SO4; 
is_Ac = AT/(10^(tpKa-is_pH)+1); 
is_HAc = AT - is_Ac; 
is_Pr = PrT/(10^(tpKpr-is_pH)+1); 
is_HPr = PrT - is_Pr; 
is_Bu = BT/(10^(tpKb-is_pH)+1); 
is_HBu = BT - is_Bu; 
is_Va = VT/(10^(tpKv-is_pH)+1); 
is_HVa = VT - is_Va; 
            
I = 0.5*(is_OH + is_H + is_HCO3 + is_HSO4 + Cl + Na + is_Ac + is_Pr + is_Bu + 
is_Va) + 2*(Mg + Ca + Fe + is_CO3 + is_SO4); 





%temperature dependent A constant 
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A =(1.825 * 10^6)*(78.3*T)^(-1.5); 
  
%The activity coefficient f_m, f_d and f_t using the Davies expression 
logf_m = -A*(1^2) *(((I^0.5)/(1+ (I^0.5)))-0.3*I); 
logf_d = -A*(2^2) *(((I^0.5)/(1+ (I^0.5)))-0.3*I); 
logf_t = -A*(3^2) *(((I^0.5)/(1+ (I^0.5)))-0.3*I); 
  
%Actual dissociation constants 
pKw = tpKw + logf_m ;  
pKc1 = tpKc1 + logf_m ; 
pKc2 = tpKc2 + logf_d - logf_m ; 
pKso = tpKso + logf_d - logf_m ; 
  
pKa = tpKa + logf_m ; 
pKpr = tpKpr + logf_m ; 
pKb = tpKb + logf_m ; 




%% %Step 2: Equilibrium Calculation 
for pH = 0:Int:14; 
  
c_H = 10^-pH;     
c_OH = 10^(pH-pKw);  
c_HCO3 = CO3in/((10^(pKc1-pH))+(10^(pH-pKc2))+1); 
c_H2CO3 = CO3in/((10^(2*pH-pKc1-pKc2))+(10^(pH-pKc1))+1); 
c_CO3 = CO3in - c_HCO3 - c_H2CO3; 
c_SO4 = SOT/(10^(pKso-pH)+1); 
c_HSO4 = SOT - c_SO4 ; 
c_Ac = AT/(10^(pKa-pH)+1); 
c_Pr = PrT/(10^(pKpr-pH)+1); 
c_Bu = BT/(10^(pKb-pH)+1); 
c_Va = VT/(10^(pKv-pH)+1);                     
        
%CO2-H2CO3 equilibrium with atmosphere 
CT = KH*pCO2*((10^(2*pH-pKc1-pKc2))+(10^(pH-pKc1))+1);  
        
eq_HCO3  = (CT/((10^(pKc1-pH))+(10^(pH-pKc2))+1));             %HCO3- species 
eq_CO3 = (CT/((10^(pKc1+pKc2-2*pH))+(10^(pKc2-pH))+1));        %H2CO3 based 
  
c_nAlk = c_OH+2*c_CO3+c_HCO3-c_H+ eq_HCO3+eq_CO3; 
  
% Equilibrium Iterations to determine the speciation and pH 
LHS = c_Ac+c_Pr+c_Bu+c_Va+c_OH+2*eq_CO3+eq_HCO3;                    
RHS = c_H + 2*c_H2CO3+c_HCO3+c_HSO4 +OHadd;                                                                             
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Appendix C.2.: Weak Acid-Base Chemistry for artificial acidic feed 
mixture and Na2CO3 mixture 
%% 3. Step1: Na2CO3 sol. equilibrium loop to determine the max pH limit 
  
for cpH = 0:Int:14; 
c_OH = 10^(cpH-pKw);  
c_HCO3 = CO3in/((10^(pKc1-cpH))+(10^(cpH-pKc2))+1); 
c_H2CO3 = CO3in/((10^(2*cpH-pKc1-pKc2))+(10^(cpH-pKc1))+1); 
c_H = 10^-cpH; 
c_CO3 = CO3in -c_HCO3-c_H2CO3; 
CT = c_H2CO3 + c_HCO3 + c_CO3; 
  
cAcid = 2*c_H2CO3+c_HCO3+c_H - c_OH; 
cAlk = 2*CT-cAcid ; 
cCAlk = cAlk*MMCaCO3*1000 ; % Alkin (mg/l as CaCO3) 
  
cRHS = c_OH; 




%% 4.  Step2: Acidic Feed Mixture equilibrium loop to determine the min pH limit 
  
for apH = 0:Int:14; 
a_OH = 10^(apH-pKw);  
a_H = 10^-apH; 
a_SO4 = SOT/(10^(pKso-apH)+1); 
a_HSO4 = SOT - a_SO4; 
a_Ac = AT/(10^(pKa-apH)+1); 
a_Pr = PrT/(10^(pKpr-apH)+1); 
a_Bu = BT/(10^(pKb-apH)+1); 
a_Va = VT/(10^(pKv-apH)+1); 
a_NH4 = NT/(10^(apH-pKn)+1); 
a_H2PO4 = PT/(10^(apH-pKp2)+1); 
  
aAlk = 2*a_SO4+a_HSO4+a_Ac+a_Pr+a_Bu+a_Va+a_OH-a_NH4-a_H2PO4-a_H ;      %Total 
Alk of the acidic feed mixture system 
  
%pH determination loop function 
aLHS = 2*a_SO4+a_HSO4+a_Ac+a_Pr+a_Bu+a_Va+a_OH;                          %LHS  
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Appendix C3.: Feed Batch equilibrium with air at time final 
%6. Step 4: Determining the Equilibrium Speciation and pH established after 
mixing and CO2 loss at Time Eql. (Equilibrium - point) 
  
for  e_pH = pHa:Int:pHct; 
%logic based loop to determine the acid-base systems of the feed 
    e_Ac =(AT/((10^(pKa-e_pH))+1));                       %Ac system 
    e_Pr =(PrT/((10^(pKpr-e_pH))+1));                   %Pr system 
    e_Bu =(BT/((10^(pKb-e_pH))+1));                    %Bu system 
    e_Va =(VT/((10^(pKv-e_pH))+1));                    %Va system 
    e_OH =(10^(e_pH-pKw));                             %OH- system in water 
    e_H  = (10^(-e_pH));                            %H+ system in Water 
    e_SO42 = (SOT/((10^(2*pKso-2*e_pH))+1));        %SO42- in the ST system 
    e_HSO4 =(SOT/((10^(2*e_pH-2*pKso))+1));        %HSO4- in the ST system 
    e_NH4 = NT/(10^(e_pH-pKn)+1); 
    e_H2PO4 = PT/(10^(e_pH-pKp2)+1); 
                
e_Alk_acidt = 2*e_SO42 + e_HSO4+ e_Ac + e_Pr + e_Bu + e_Va + e_OH  - e_NH4 - 
e_H2PO4 - e_H;        %Proton donated = LHS 
     
% Determine the CT at equilibrium after CO2 loss 
    CT = (KH*pCO2*((10^(2*e_pH-pKc1-pKc2))+(10^(e_pH-pKc1))+1));  
     
% Determine the H2CO3 acidity for CO2 loss 
    e_HCO3  = (CT/((10^(pKc1-e_pH))+(10^(e_pH-pKc2))+1));     %HCO3- species 
    e_CO32 = (CT/((10^(pKc1+pKc2-2*e_pH))+(10^(pKc2-e_pH))+1   %CT - CO2 loss 
    
    e_Acid_CO32 = (e_H -e_HCO3 - 2*e_CO32 - e_OH);                                            
    
% CO2 release or uptake at different pH steps 
    nCO2 = CTin - CT; 
    vCO2 = nCO2*(R*T/P); %Normal litres (Ndm3) at STP T =25DegC and 1 Atm 
     
% Solver for the theoretical equilibrium pH 
    e_RHS = e_Alk_acidt ; 
    e_LHS = e_Acid_CO32 ; 
     
% Determine the difference = 0, the point where RHS = LHS  
    e_zz = (e_RHS- e_LHS); 
     
% the logic based loop to determine the system final pH 
     if  (e_zz < 0.0) 
         break 
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Appendix C4.: Feed Batch Initial Conditions (Time Zero) 
%% 5.  Step3: Feed mixture Initial Point Conditions (Time Zero) 
  
for i_pH = pHa:Int:pHct; 
     
%logic based loop to determine the acid-base systems of the feed 
    i_Ac =(AT/((10^(pKa-i_pH))+1));                  %Ac system 
    i_Pr =(PrT/((10^(pKpr-i_pH))+1));                %Pr system 
    i_Bu =(BT/((10^(pKb-i_pH))+1));                  %Bu system 
    i_Va =(VT/((10^(pKv-i_pH))+1));                   %Va system 
    i_OH =(10^(i_pH-pKw));                            %OH- system in water 
    i_H  = (10^(-i_pH));                              %H+ system in Water 
    i_SO42 = (SOT/((10^(2*pKso-2*i_pH))+1));          %SO42- in the ST system 
    i_HSO4 =(SOT/((10^(2*i_pH-2*pKso))+1));           %HSO4- in the ST system 
    i_NH4 = NT/(10^(i_pH-pKn)+1);                     %NH4+ in the NT system 
    i_H2PO4 = PT/(10^(i_pH-pKp2)+1);                  %H2PO4- in the PT system 
    
    i_Alk_feed = 2*i_SO42 +i_HSO4+ i_Ac +i_Pr +i_Bu +i_Va +i_OH-i_NH4 -i_H2PO4;         
%H+ donated = LHS 
     
% Carbonate system used to buffer the acidic systems of the feed to a pH range 
5.5-6.2 
    i_HCO3  = (CTin/((10^(pKc1-i_pH))+(10^(i_pH-pKc2))+1));    %HCO3- species 
    i_H2CO3 = (CTin/((10^(2*i_pH-pKc1-pKc2))+(10^(i_pH-pKc1))+1)); %H2CO3 
    
    i_Acid_CO3 = (i_HCO3 + 2*i_H2CO3 + i_H - i_OH);                       
    
%Solver for the make-pH theorerical pH 
    i_RHS = i_Alk_feed ; 
    i_LHS = i_Acid_CO3 ; 
     
%testing the difference of RHS and LHS 
    i_zz = (i_LHS - i_RHS); 
     
%the logic based loop to determine the system final pH 
     if  (i_zz < 0.0) 
        break 
     end 
 
Appendix D  
 
417 
Appendix C5: MATLAB® code for determining Klc and CO2 mass transfer 
rate (CTR)  
 
%% 7.  Step 5: Determine Klc for change in pH from CO2 release and  
%dC/dt (CO2 mass transfer rate) during feed batch conditioning 
  
for t_x = 0:tin:200    
    
%CT concentration at 1. initail, 2. equilibruim and 3. pHx  
    CT_i = (CO3i*((10^(pKc1+pKc2-2*e_pH))+(10^(pKc2-e_pH))+1)); 
    CT_eql = (KH*pCO2*((10^(2*pH_eql-pKc1-pKc2))+(10^(pH_eql-pKc1))+1)); 
      
% relationship of pH_x to time     
    pH_tx = (0.0049*log(COD) - 0.0181) * t_x + pH_ini ; 
    t_e = ((pH_eql - pH_ini)/(0.0049*log(COD)-0.0181)); 
      
%CT concentration at 3. pHx  
    CT_tx2 =  -((pH_tx-pH_ini)/(pH_eql - pH_ini))*(CT_i - CT_eql)+ CT_i; 
    CT_tx =  -(t_x/t_e)*(CT_i - CT_eql)+ CT_i; 
     
%derive Klc determined at (CTtx-CTt0)vs. tx (already linear)   
    Y = (CT_tx - CT_i);       % already in linear form - doesn't need ln 
linearisation  
    klc_n = (Y/t_x);                    % molar Klc - molesCO2/hr 
    Y2 = (Y*MMCaCO3*1000); 
    klc_m = (Y2/t_x);                    % mass Klc - gCO2/hr 
    klc_tx = -(((CT_tx - CT_eql )/(CT_i - CT_eql)))/(t_x -t_e);    
                 
% Determine the CO2 transfer rate (CTR) - dC/dt = CTR = Klc (CTe - CTtx)     
    crt_n = klc_n*(CT_eql - CT_tx); 
    crt_m = klc_m*(CT_eql - CT_tx); 
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Appendix C6: MATLAB® code for dCT/dt for Feed Batch Conditions 
 





T   = 25 +273.5;                 % assumed temperature 25 Deg.C 
vt = 1;                          %Tatal Volume of the mixture 




tpKw  = 14 ;                              % Loewenthal et al. (1989) 
tpKso  =  1.99 ;                          % Loewenthal et al. (1989) 
tpKc1 = (3407.7/T)-14.8435+0.03279*T ;    % Loewenthal et al. (1989) 
tpKc2 = (2902.4/T)-6.498+0.02379*T ;      % Loewenthal et al. (1989) 
tpKa = (1170.5/T)-3.165+0.0134*T ;        % Loewenthal et al. (1989) 
tpKpr = (1213.3/T)-3.386+0.01406*T ;      % Loewenthal et al. (1989) 
tpKn = (2835.8/T)-0.6322+0.00123*T ;      % Loewenthal et al. (1989) 
tpKp2 = (1979.5/T)-5.3541+0.01984*T ;     % Loewenthal et al. (1989) 
tpKb =  4.82 ;                            % van Zyl et al. (2008) 
tpKv =  4.80 ;                            % van Zyl et al. (2008) 
  
% molar mass as g/mol 
MMSO4 = 98  ; 
MMCO3 = 60 ; 
MMHCO3 = 61 ; 
MMH2CO3 = 62 ; 
MMCO2 = 44 ; 
MMNH4 = 18 ; 
MMPO4 = 97 ; 
MMCaCO3 = 100; 
MMMg = 24; 
MMCa = 40; 
MMCl = 35.5; 
MMNa = 23; 
MMK = 39 ; 
MMOH = 17; 
CODMMAc  = 64 ;                              %gCOD for Ac/mol 
MMAc = 60; 
CODMMPr  = 112 ; 
MMPr = 74; 
CODMMBu  = 160 ; 
MMBu = 87.097 ; 
CODMMVa  = 208 ; 
MMVa = 101.12; 
  
  
% Gas liquid phase parameters 
pCO2 = 0.0005; %                                 % 
pKCO2 = (-1760.0/T)-(-9.619)+(-.00753*T) ;      % Henry's Constant 
KH    = 10^(-pKCO2); 
R = 0.08205 ;                                   % gas constant as(atm.l/K.mol) 
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P = 1;                                          % atmospheric presssure as atm 
  
% Step Changes for iterations 
Int = 0.1;  % pH intervals 
tin = 1;    % time intervals in hours 
  
%Initialisation 
i_LHS = 0; 
i_RHS = 0; 
i = 1; 
  
%% Global Plots initailisation and system inputs and initialisation 
%1. Plot initialtion 
%1.1. CO32- solution plot initialtion 
cphp  = zeros(1); 
cAcidp  = zeros(1); 
cAlkp  = zeros (1); 
ch2co3p  = zeros (1); 
chco3p  = zeros (1); 
cco3p  = zeros (1); 
chp  = zeros (1); 
cohp  = zeros (1); 
ccAlkp = zeros (1); 
cRHSp  = zeros (1); 
cLHSp = zeros (1); 
cxphp = zeros (1); 
  
%1.2. Acid mixture matrix initialtion 
aphp  = zeros(1); 
aap  = zeros (1); 
aprp  = zeros (1); 
abp  = zeros (1); 
avp  = zeros (1); 
aso4p = zeros (1); 
ahso4p = zeros (1); 
anp  = zeros(1); 
app  = zeros(1); 
ahp  = zeros (1); 
aohp = zeros (1); 
aAlkp =  zeros (1); 
acAlkp = zeros (1); 
aRHSp =  zeros (1); 
aLHSp = zeros (1); 
  
%1.3. Feed Mixture plot initialisation 
php  = zeros(1); 
xp  = zeros(1); 
ap  = zeros (1); 
prp  = zeros (1); 
bp  = zeros (1); 
vp  = zeros (1); 
np  = zeros(1); 
pp  = zeros(1); 
s1p = zeros (1); 
s2p = zeros (1); 
hp  = zeros (1); 
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ohp = zeros (1); 
RHSp = zeros (1); 
c1p = zeros (1); 
c2p = zeros (1); 
ctp = zeros (1); 
ctip = zeros(1); 
pCO2p = zeros (1); 
PtCp = zeros (1); 
relp = zeros (1); 
LHSp = zeros (1); 
RHSxp = zeros (1); 
zzp  = zeros(1); 
  
%1.4. Feed Mixture plot equilibruim after CO2 loss 
txe     =   zeros (1); 
pH_tx    =  zeros (1); 
CTeql    =  zeros (1); 
Ytx     =  zeros (1); 
h2oe    =   zeros (1); 
vae     =   zeros (1); 
bue     =   zeros (1); 
proe    =   zeros (1); 
vfae    =   zeros (1); 
so4e    =   zeros (1); 
nhe     =   zeros (1); 
po4e    =   zeros (1); 
co3e    =   zeros (1); 
hse     =   zeros (1); 
fe3e    =   zeros (1); 
fe2e    =   zeros (1); 
hsne    =   zeros (1); 
soe     =   zeros (1); 
he      =   zeros (1); 
ohe     =   zeros (1); 
glue    =   zeros (1); 
h2e     =   zeros (1); 
ue      =   zeros (1); 
fe      =   zeros (1); 
nae     =   zeros (1); 
cae     =   zeros (1); 
mge     =   zeros (1); 
ke      =   zeros (1); 
s0e     =   zeros (1); 
bvae    =   zeros (1); 
bbue    =   zeros (1); 
bproe   =   zeros (1); 
bace    =   zeros (1); 
sobe    =   zeros (1); 
bs0e    =   zeros (1); 
bfe2e   =   zeros (1); 
b_orge  =   zeros (1); 
u_orge  =   zeros (1); 
ade     =   zeros (1); 
fexe    =   zeros (1); 
jee     =   zeros (1); 
isse    =   zeros (1); 
ame     =   zeros (1); 
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hme     =   zeros (1); 
b_infe  =   zeros (1); 
u_infe  =   zeros (1); 
str_ne  =   zeros (1); 
acpe    =   zeros (1); 
str_ke  =   zeros (1); 
cale    =   zeros (1); 
mage    =   zeros (1); 
newbe   =   zeros (1); 
h2se    =   zeros (1); 
co2e    =   zeros (1); 
n2e     =   zeros (1); 
  
%1.5. The Feed Ionic Strength 
CODi = zeros (1); 
phi  = zeros(1); 
Ii = zeros (1); 
TDSi = zeros (1); 
fm = zeros (1); 
fd = zeros (1); 
ft = zeros (1); 
  
%1.6. Kla value determination 
phx = zeros (1); 
CTi  = zeros (1); 
CTe  = zeros (1); 
CTx = zeros (1); 
CTx2 = zeros (1); 
Klcx = zeros (1); 
  
%1.7 CT at time t 
 tx = zeros (1); 
 te = zeros (1); 
 phtx = zeros (1); 
 CTtx  = zeros (1); 
 y = zeros (1); 
 Klc_tx = zeros (1); 
 nKlc = zeros (1); 
 mKlc = zeros (1); 
 Klc_dt = zeros (1); 
 nCRT = zeros (1); 
 mCRT = zeros (1); 
  
 %1.8 Conituious 
 tbrun  = zeros (1); 
 phbth = zeros (1); 
 CTtb  = zeros (1); 
 trun = zeros (1); 
  
% 1.9 Feed varaibles table 
acm = zeros (1); 
prm = zeros (1); 
bum = zeros (1); 
vam = zeros (1); 
so4m = zeros (1); 
NH4m = zeros (1); 
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PO4m = zeros (1); 
Mgm = zeros (1); 
Cam = zeros (1); 
Km = zeros (1); 
Nam = zeros (1); 
co3m = zeros (1); 
CODm = zeros (1); 
  
%create a text file to be written to, with a designated file id 
%fion = fopen('Ionic_Strenght_1250_100416.dat', 'wt'); 
%fNaC = fopen('WeakAB_Na2CO3_1250_100416.dat','wt'); 
%fAcid = fopen('WeakAB_Acidic_100416.dat', 'wt'); 
%fbMix = fopen('weakAB_mixing_1250_100416.dat','wt'); 
%fbini = fopen('feed_file.dat','wt'); 
fbCon = fopen('BatchCond_1250_2.5.dat','wt'); 
%fbKlc = fopen('weakAB_BatchKlc_10000_250416.dat','wt'); 
  
%Print the column Headings 
%fprintf(fion,'COD \tpH \tI \tTDS\n'); 
%fprintf(fNaC,'pH \tRHS \tLHS \tH2CO3 \tHCO3 \tCO3 \tH \tOH \r\n'); 
%cphp,cRHSp,cLHSp,ch2co3p,chco3p,cco3p,chp,cohp 
%fprintf(fAcid,'pH \tAc \tPr \tBu \tVa \tSO42 \tHSO4 \tNH4 \tH2PO4 \tOH \tH 
\tRHS \tLHS \n'); 
%fprintf(fbMix,'pH \tAc \tPr \tBu \tVa \tSO42 \tHSO4 \tH \tOH \tHCO3 \tH2CO3 















fprintf(fbCon,'#t\tH2O\tpH\tS_CO3 \tH \tS_Va\tS_Bu\tS_Pr\tS_VFA\tS_SO4 \r\n'); 
%txe,pH_tx,co3e,he,ohe 
%fprintf(fbKlc,'time_x \ttime_e \tpH_tx \tCTin \tCTegl \tCTtx \tCTtx_2 \tY 
\tKlc_molar \tKlc_mass \tKlc_tx \tnCRT \tmCRT \r\n'); 
%tx,te,phtx,CTi,CTe,CTtx,CTx2,y,nKlc,mKlc,Klc_tx, CRT 
  
%% 1. the experimental feed COD range matrix _ The COD used and the relation of 
all other component to the selected COD conc 
  
COD = input('feed COD (gCOD/m3): ');%[1250 2500 5000 7500 10000]; 
HRT = input('HRT (d): ');           % Case hydraulic retention time 
Vr = 16/1000;%input('Reactor Vol (m3): '); 
G_N2 = 1;% input('Select N2 stripping (yes = 1): ') == 1; 
Fe3 = .0001;%input('Initial Ferric Conc. (g/m3): '); 
  
%Volumes of individual component mixtures 
 v1 = (COD/CODin)*vt;           %Acidic mixture 
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 v2 = vt - v1;                  %Na2CO3 mixture 
  
% Mass inputs to molar Fluxes 
SOT  =((CODin/0.72)/1000)*(1/MMSO4)*(v1/vt); 
AT  = (CODin/1000)*0.41*(1/CODMMAc)*(v1/vt); 
PrT = (CODin/1000)*0.26*(1/MMPr)*(v1/vt); 
BT  = (CODin/1000)*0.21*(1/CODMMBu)*(v1/vt); 
VT  = (CODin/1000)*0.12*(1/MMVa)*(v1/vt); 
NT  = (CODin/1000)*0.015*(1/MMNH4)*(v1/vt); 
PT  = (CODin/1000)*0.01*(1/MMPO4)*(v1/vt); 
Mg = (CODin/1000)*0.0013*(1/MMMg)*(v1/vt); 
Ca = (CODin/1000)*0.0003*(1/MMCa)*(v1/vt); 
K  = (CODin/1000)*0.008*(1/MMK)*(v1/vt); 
Na = (CODin/1000)*1.08*(1/MMNa)*(v1/vt);             %As a % of the feed COD 
CTin =(CODin/1000)*1.45*(1/MMCO3)*(v1/vt);           %As a % of the feed COD 
%CO3i = CTin ;                                        % CO3 in mixture 
%CO3in = CTin*(vt/v2);                                %Conc in Na2CO3 sol. 
%Nain = Na*(vt/v2) ;                                  %Conc in Na2CO3 sol. 
  
% Inputs Table 
mAc = AT*CODMMAc*1000 ; 
mPr = PrT*MMPr*1000 ; 
mBu = BT*CODMMBu*1000 ; 
mVa = VT*MMVa*1000 ; 
mSO4 = SOT*MMSO4*1000 ; 
mNH4 = NT*MMNH4*1000 ; 
mPO4 = PT*MMPO4*1000 ; 
mMg = Mg*MMMg*1000 ; 
mCa = Ca*MMCa*1000 ; 
mK = K*MMK*1000 ; 
mNa = Na*MMNa*1000; 
mCO3 = CTin*MMCO3*1000; 
%mCO3in = CO3in*MMCO3*1000; 
%mNain = Nain*MMNa*1000; 
  
%% 2.  The Feed Ionic Strength to determine the influence of H ion activity 
  
    Klc_m = 0.0456*(COD)^0.1395;                    %CO2 reales and uptake rate 
    pH_ini = 4.811*(COD)^0.0294;                    % initail pH at time t_x =0 
    pH_eql = 7.327*(COD)^0.03184;                    % equalibruim pH at time 
t_x =x     
    t_eql = ((pH_eql - pH_ini)/(0.1121*(COD)^0.1841)) ; % Time to CT eql 
  
for  t_x = 0:0.041666:1 %t_eql %t_eql %:1:24; %tx in 24 hour batch sample 
  
 %pH at time tx 
                                                  % 
    pH_t = pH_ini + Klc_m*t_x*(pH_eql - pH_ini);          %pH at time x  pH_eq 
     
for is_pH = pH_t 
%system equilibruin speciation espressions 
is_OH = 10^(is_pH-tpKw); 
is_H = 10^-is_pH; 
is_HCO3 = CTin/((10^(tpKc1-is_pH))+(10^(is_pH-tpKc2))+1); 
is_H2CO3 = CTin/((10^(2*is_pH-tpKc1-tpKc2))+(10^(is_pH-tpKc1))+1); 
is_CO3 = CTin - is_HCO3 - is_H2CO3; 
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is_SO4 = SOT/(10^(tpKso-is_pH)+1); 
is_HSO4 = SOT - is_SO4; 
is_Ac = AT/(10^(tpKa-is_pH)+1); 
is_HAc = AT - is_Ac; 
is_Pr = PrT/(10^(tpKpr-is_pH)+1); 
is_HPr = PrT - is_Pr; 
is_Bu = BT/(10^(tpKb-is_pH)+1); 
is_HBu = BT - is_Bu; 
is_Va = VT/(10^(tpKv-is_pH)+1); 
is_HVa = VT - is_Va; 
is_NH4 = NT/(10^(is_pH-tpKn)+1); 
is_NH3 = NT - is_NH4; 
is_H2PO4 = PT/(10^(is_pH-tpKp2)+1); 
is_HPO4 = PT - is_H2PO4; 
  
%Active COD 
is_COD = ((is_Ac+is_HAc)*CODMMAc +(is_Pr+is_HPr)*CODMMPr + 
(is_Bu+is_HBu)*CODMMBu + (is_Va+is_HVa)*CODMMVa )*1000 ; 
  
%Ionic STrength and TDS 
I = 0.5*(is_OH + is_H + is_HCO3 + is_HSO4 + is_Ac + is_Pr + is_Bu + is_Va + 
is_NH4 + is_H2PO4 + K + Na) + 2*(Mg + Ca + is_CO3 + is_SO4 + is_HPO4); 
TDS = (I/(2.5*10^-5)); 
  
%temperature dependent A constant 
A =(1.825 * 10^6)*(78.3*T)^(-1.5); 
  
%The activity coefficient f_m, f_d and f_t using the Davies expression 
logf_m = -A*(1^2) *(((I^0.5)/(1+ (I^0.5)))-0.3*I); 
logf_d = -A*(2^2) *(((I^0.5)/(1+ (I^0.5)))-0.3*I); 
logf_t = -A*(3^2) *(((I^0.5)/(1+ (I^0.5)))-0.3*I); 
  
%Actual dossociation constants 
pKw = tpKw + logf_m ; 
pKc1 = tpKc1 + logf_m ; 
pKc2 = tpKc2 + logf_d - logf_m ; 
pKn = tpKn + logf_m ; 
pKa = tpKa + logf_m ; 
pKpr = tpKpr + logf_m ; 
pKb = tpKb + logf_m ; 
pKv = tpKv + logf_m ; 
pKso = tpKso + logf_d - logf_m ; 
pKp2 = tpKp2 + logf_d - logf_m ; 
  
%Vector setup 
 CODi (i) = is_COD; 
 phi (i) = is_pH ; 
 Ii (i) = log10(I); 
 TDSi (i) =  TDS; 
 fm (i) = logf_m; 
 fd (i) = logf_d; 
 ft (i) = logf_t; 
  
%Plot Vector layout - Only active when plotting the graph in MATLAB 
  %i=i+1; 




%Print Text File the system Ionic Strenght 






%% %6. Step 4: Determining the Equilibruin Speciation and pH established after 
mixing and CO2 loss at Time Eql. (equilibruim - point) 
  
 % feed flux 
   H2O_flux =  (Vr/HRT); % 
  
 %logic based loop to determine the acid-base systems of the feed 
    S_VFA =(AT/((10^(pKa-pH_t))+1));                       %Ac system 
    S_Pr =(PrT/((10^(pKpr-pH_t))+1));                     %Pr system 
    S_Bu =(BT/((10^(pKb-pH_t))+1));                       %Bu system 
    S_Va =(VT/((10^(pKv-pH_t))+1));                       %Va system 
    S_OH =(10^(pH_t-pKw));                                %OH- system in water 
    S_H  = (10^(-pH_t))+S_VFA+S_Pr;                                  %H+ system 
in Water 
    S_SO4 = (SOT/((10^(2*pKso-2*pH_t))+1));              %SO42- in the ST 
system 
    S_HSO4 =(SOT/((10^(2*pH_t-2*pKso))+1));               %HSO4- in the ST 
system 
    S_NH4 = NT;                                             %/(10^(pH_t-
pKn)+1); 
    S_PO4 = PT;                                             %/(10^(pH_t-
pKp2)+1); 
    S_HS    = 0; 
    S_Fe3   = Fe3; 
    S_Fe2   = S_Fe3*0.01;                              % initial Ferrous Conc 
    S_HSn   = 0;                                        % initial polyS 
    S_O     = 0; 
    S_Glu   = 0; 
    S_H2    = 0; 
    S_U     = 0; 
    S_F     = 0; 
    S_Na    = Na; 
    S_Ca    = Ca; 
    S_Mg    = Mg; 
    S_K     = K; 
    X_S0    = 0; 
    X_bVa   = 0;    % biomass in influent 
    X_bBu   = 0;    % biomass in influent 
    X_bpro  = 0;    % biomass in influent 
    X_bAc   = 0;    % biomass in influent 
    X_SOB   = 0;    % biomass in influent 
    X_bS0   = 0;    % biomass in influent 
    X_bFe2  = 0;    % biomass in influent 
    X_B_Org = 0; 
    X_U_Org = 0; 
    X_AD    = 0; 
    X_FeCO3 = 0; 
    X_Je    = 0; 
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    X_ISS   = 0; 
    X_AM    = 0; 
    X_HM    = 0; 
    X_B_Inf = 0; 
    X_U_Inf = 0; 
    X_Str_NH4   = 0; 
    X_ACP   = 0; 
    X_Str_K = 0; 
    X_Cal   = 0; 
    X_Mag   = 0; 
    X_Newb  = 0; 
    G_H2S   = 0; 
  
    if  G_N2 == 1 
        G_N2 = 115.176; %60 l/d but operated only 48mins/d 
        G_CO2 = 0; 
    elseif G_N2 == 0 
        G_N2 = 0; 
        G_CO2 = 102.175;    % 52 l/d but operated only 48mins/d 
    end 
  
 %system Alk determination 
    S_Alk_acidt = 2*S_SO4 + S_HSO4+ S_VFA + S_Pr + S_Bu + S_Va + S_OH  - S_NH4 
- S_PO4 - S_H;        %Proton donated = LHS 
  
% Determine the CT at initial 
    CT = CTin;                                                       % 
    S_HCO3  = (CTin/((10^(pKc1-pH_t))+(10^(pH_t-pKc2))+1));            %HCO3- 
species 
    S_H2CO3 = (CTin/((10^(2*pH_t-pKc1-pKc2))+(10^(pH_t-pKc1))+1));   %CO3 based 
on CT after CO2 loss 
    S_CO3   = CTin - S_HCO3 - S_H2CO3 ;                               % CO3 for 
input to WEST relatesto the total CT 
    CT_i = (CTin*((10^(2*pH_t-pKc1-pKc2))+(10^(pH_t-pKc1))+1)); 
     
%CT concentration at 1. initail, 2. equilibruim and 3. pHx  
    CT_eql = (KH*pCO2*((10^(2*pH_eql-pKc1-pKc2))+(10^(pH_eql-pKc1))+1)); 
      
% Determine the H2CO3 acidity for CO2 loss 
    %CT_tx = CTin+(t_x/t_eql)*(CT_eql-CTin);  
    CT_tx =  -((pH_t-pH_ini)/(pH_eql - pH_ini))*(CTin - CT_eql)+ CTin; 
     
%derive Klc determined at (CTtx-CTt0)vs. tx (already linear)   
     Y      = (CT_tx - CTin);       % already in linear form - doesn't need ln 
linearisation  
     klc_n  = (Y/t_x);                    % molar Klc - molesCO2/hr 
     Y2     = (Y*MMCaCO3*1000); 
     klc_m  = (Y2/t_x);                    % mass Klc - gCO2/hr 
     klc_tx = -(((CT_tx - CT_eql )/(CTin - CT_eql)))/(t_x -t_eql);    
                  
%  Determine the CO2 transfer rate (CTR) - dC/dt = CTR = Klc (CTe - CTtx)     
    % crt_n = klc_n*(CT_eql - CT_tx); 
    % crt_m = klc_m*(CT_eql - CT_tx); 
  
%Acidity of feed mixture 
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    S_Acid_CO32 = (S_HCO3 + 2*S_H2CO3 + S_H - S_OH); 
  
% CO2 release or uptake at different pH steps 
    nCO2 = CT_tx - CT_eql; 
    mCO2 = nCO2 * MMCaCO3*1000; 
    G_CO2e = nCO2*(R*T/P); %Normal liter (Ndm3) CO2 gas at STP T =25DegC and 1 
Atm 
  
% Solver for the theorerical equalibruim pH 
    e_RHS = S_Alk_acidt ; 
    e_LHS = S_Acid_CO32 ; 
  
% Determine the difference = 0, the point where RHS = LHS 
    e_zz = (e_RHS- e_LHS); 
  
% the logic based loop to determine the system final pH 
          %if  (CTeql*1.0001 > CTtx+5) 
           % break 
          %end 
  
% Matrix initaition 
    %i=i+1; 
  
% Graphic output values 
    txe (i)     =   t_x ; 
    pH_tx (i)   =   pH_t;   
    co3e (i)    =   CT_tx*MMCO3*1000; 
    he  (i)     =   S_H*1000; 
    ohe (i)     =   S_OH*MMOH*1000;    
    CTeql (i)   =   CT_eql*MMCO3*1000; 
    Ytx (i)     =   Y*MMCaCO3*1000; 
     h2oe(i)     =  H2O_flux ; 
     vae    (i)     =   S_Va*MMVa*(208/MMVa)*1000;    
     bue    (i)     =   S_Bu*MMBu*(160/MMBu)*1000; 
     proe (i)   =   S_Pr*MMPr*(102/MMPr)*1000; 
     vfae (i)   =   S_VFA*MMAc*(64/MMAc)*1000; 
     so4e (i)   =   S_SO4*MMSO4*1000; 
%     nhe   (i)     =   S_NH4*MMNH4*1000; 
%     po4e (i)  =   S_PO4*MMPO4*1000; 
%     co3e (i)  =   (S_HCO3+S_H2CO3)*MMCO3*1000; 
%     hse   (i)     =   S_HS*1000; 
%     fe3e (i)  =   S_Fe3; 
%     fe2e (i)  =   S_Fe2; 
  
%     nae   (i)     =   S_Na*MMNa*1000; 
%     cae   (i)     =   S_Ca*MMCa*1000; 
%     mge   (i)     =   S_Mg*MMMg*1000; 
%     ke    (i)     =   S_K*MMK*1000; 
%     co2e  (i) =   G_CO2e; 
  
 %initail pH of feed mixture 
    %pH_eql = max(phe)-Int; %0.2815*log(COD)+7.4881 
  
 %Print the matrix containing our solution, values are reported with twelve 
digits and 4 decimals 
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  fprintf(fbCon,'%2.2f %2.4f %2.2f %7.2f %7.2f %7.2f %7.2f %7.2f %7.2f 
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Appendix D1: Other Analytical Methods Occasionally employed  
1. Methane analysis using Gas Chromatography 
During the start-up period and mid-way through the BSR units’ experimental operations, biogas 
samples was collected from the head space of the BSR unit and analysed for methane gas (CH4). 
This was done as a qualitative measure to determine whether CH4 was produce within the BSR 
units which would indicate towards methanogen activity that indicates towards competitive 
behaviour between acetotrophic methanogenic bacteria and acetotrophic sulfidogenic bacteria for 
substrate. Methane was analysed within this study using a Perkin Elmer gas chromatograph with a 
flame ionisation detector as described in the study by Munganga et al. (2012).  
 
2. Precipitant Analysis using X-Ray Diffraction and Incineration of S0 
During the reactive absorption of H2S gas from the Gas-lift BSR unit the expected product described 
in literature was elemental sulfur (S0). However, a visual inspection of the filtered and dried product 
indicated towards other product formation. X-Ray diffraction (XRD) analysis were employed to 
identify the precipitants formed. The results of this analysis revealed that iron-based precipitants, 
e.g. FeS, FeCO3 and FeO(OH), were found in the predominantly S0 filtered and dried (36oC) 
precipitant sample from the reactive absorption process. 
 
Further analysis was done on this sample to estimation the percentage (by weight) make-up of the 
iron-based compound produced within the reaction absorption unit. To determine the mass of the 
iron–based precipitants as a percentage of the total sample weight, S0 was removed from the 
sample. This was achieved via incineration of the sample at 445oC. The results from the analysis 
of various of these precipitant samples indicated that the mass of the iron-based compounds 










Appendix D2: Determining the fraction of S0 in the Reactive Absorption 
Unit using a method where an incinerator set at a temperature of 450oC 
was used.  
The qualitative analysis of the solid precipitants from the H2S reactive absorption unit employing X-
Ray Diffraction analysis showed at the precipitants samples consisted of elemental sulfur (S0)  and 
iron-based compounds, i.e. FeCO3, FeO(OH) and FeS. From literature, S0 was the expected solid 
product from the core reaction of the absorption unit. However, the production of the iron-based 
compounds was the result of CO2, from the use of CO2 as a carrier gas, and oxygen penetration of 
the gas transport system. More detail concerning the formation of the iron-based compound can be 
reviewed in Section 2.6 (Chapter 2).  
 
The determination of the S0 mass fraction of the precipitant formed within the absorption unit is 
fundamental towards the development of the model components describing the processes for this 
unit. As such, the mass composition of elemental sulfur (S0) within the precipitant needed to be 
estimated. Thus, a separation method is applied in this study where elemental sulfur is removed 
from the sample by gasification of the S0 employing a furnace at a temperature of 445oC.  
 
This gasification of S0 is described by the oxygenation reaction stoichiometry of S0 in air via direct 
combustion (Petrucci, 1970). S0 reacts with oxygen (O2) at a temperature of 445oC, at 1atm, to 
produce sulfur dioxide (SO2) as shown in Equation EA3.1a; 
 
𝑆𝑆0 + 𝑂𝑂2 ∆→ 𝑆𝑆𝑂𝑂2         (E A3.1a) 
 
This reaction results in the vaporisation of S0 and as such, the loss of mass of S0 from the sample. 
However, as this analytical method is dependent on the difference between the initial, before 
incineration, and residual, after incineration, the weight of a considered sample, the fate of the iron-
based precipitants also needs to be reviewed to avoid measurement errors.  
 
To determine the fate of the iron-based precipitants an indirect method was applied where an 
experimental study was conducted using duplicated samples of elemental sulfur and other sulfur-
metal-based and iron-based salt components were incinerated at 445oC. The selected sulfur-metal-
based and iron-based salt components were; 
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a. Na2S.3H2O flakes (60% Na2S), 
b. Na2SO3 
c. Fe2(SO4)3   (an-hydrate) 
d. FeSO4.7H2O 
 
These salts components and S0 were i) weight, ii) incinerated and then the residual weight again 




From the results of the incineration experiment, the weight loss for S0 was 100% as was expected 
from the theoretical study of the gasification of elemental sulfur. Also, the results for the Na2(SO3) 
after incineration showed the influence of no weight loss before and after incineration, which meant 
that at no gasification of this sulfur-metal salt component occurred as expected. However, 
unexpected weight losses occurred during incineration for the sulfur-metal salt component, 
Na2S.3H2O, and for the iron-based components, Fe2(SO4)3 and FeSO4.7H2O. At first glance this 
seemed problematic as this mass changed would prove the application of this 445oC incineration 
method for use in determining the S0 mass fraction within the sample containing other iron-based 
components null and void. However, on review of literature of the boiling points and decomposition 
temperatures for the components Na2S.3H2O, Fe2(SO4)3 and FeSO4.7H2O, this weight loss during 
the 445oC incineration process could be characterised.  
Compound Na2(SO3)
Properties and Analysis Sample 1 Sample 2 Sample 1 Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2
Molar Mass (g/mole) 32 32 126 132 132 278 278 400 400
Boiling Point (BP)/Dissosiation(D) (oC) 445 (BP) 445 (BP) 600 (BP) 100 (D) 100 (D) 300 (D) 300 (D) 480 (BP) 480 (BP)
Container weight (g) 59.128 59.5065 59.4385 59.5063 45.8678 132.1105 60.2453 56.7616 59.4345
Sample weight (g) 4.1262 2.4844 3.8799 4.096 4.891 3.9932 3.9932 3.9945 3.813
Weight after 450oC incineration (g) 59.133 59.5054 63.2333 61.993 48.9128 134.424 62.3864 58.5378 61.1576
%S 100% 100% 25% 24% 24% 12% 12% 24% 24%
% Mass Retained Residual 0% 0% 98% 61% 62% 58% 54% 44% 45%
% Mass Loss (due to gasification) 100% 100% 2% 39% 38% 42% 46% 56% 55%
Product of reaction  = Na2S 59% 59%
Product of reaction  = H2O 41% 41%
Product of reaction  = FeSO4 55% 55%
Product of reaction  = H2O 45% 45%
Product of reaction  Fe2O3 MM (g/mole) 160 160
% weight remain 40% 40%
% weight loss 60% 60%
TABLE A3.1A: 450oC incinetion of Sulphur, Sulphur-metal-based and iron-based salts 
S0 Na2S.3H2O Fe2(SO4)3FeSO4.7H2O




The first issue of mass loss during incineration clarified from a literature study was that for the 
reaction occurring for most compounds that contained waters of crystallisation within the salts 
structure or hydrated salts. It is common for hydrated salts to loose their waters of crystallisation 




→ 𝑈𝑈𝑛𝑛ℎ𝑦𝑦𝑑𝑑𝑃𝑃𝐶𝐶𝑡𝑡𝐹𝐹𝑑𝑑 𝑆𝑆𝐶𝐶𝑙𝑙𝑡𝑡 + 𝑒𝑒𝐻𝐻2𝑂𝑂     (E A3.1b) 
 
The boiling point or what some literature sources called decomposition temperature for hydrated 
sodium sulfide, i.e. Na2S.3H2O, Na2S.9H2O, was less than 150oC. The thermal decomposition of 
Na2S.xH2O resulted in the products Na2S and water or water vapour. However, the actual boiling 
point for an-hydrated Na2S was specific as around 1000 to 1200oC. From the chemical composition 
of Na2S.3H2O it can be determined that Na2S relates to 59% of the mass and the crystallisation 
water make-up 41% of the mass (m/m). This would explain the almost 40% loss (accounting for 
experimental error) in the weight for Na2S.3H2O after incineration at 445oC, as reported in Table 
A.3.1.  
 
Considering ferrous sulfate heptahydrate i.e. FeSO4.7H2O, literature specifies the decomposition 
temperature to be less than 100oC and the boiling point temperature for the an-hydrated FeSO4 at 
680oC. As such the thermal decomposition of FeSO4.7H2O, at 445oC, yields FeSO4 and water 
vapour. From the chemical composition of FeSO4.7H2O it can be determined that FeSO4 of 55% of 
the mass and the crystallisation water make-up 45% of the mass (m/m). The results from the 
incineration of FeSO4.7H2O shows a 42 to 46% weight loss, in TableA3.1A, which from the literature 
review can be ascribed to the loss of the waters of crystallisation for the compound.  
 
The literature review of Fe2(SO4)3 reported the boiling point of ferric sulfate at 520oC (Zboril, 2002). 
However, the study by Swamy et al. (2003) does indicate thermal decomposition reaction of 
Fe2(SO4)3 the formation of Fe2O3 for ore roasted at temperature 450oC over 30-minute time periods. 
The thermal decomposition reaction stoichiometry for Fe2(SO4)3 is shown in equation E A3.2 below, 
 
𝐹𝐹𝐹𝐹2(𝑆𝑆𝑂𝑂4)3 ∆→ 𝐹𝐹𝐹𝐹2𝑂𝑂3 + 3𝑆𝑆𝑂𝑂3       (E A3.2) 
 
In this study, all the samples were incinerated at 445oC for a period was 20 minutes. The mass 
relationship of Fe2O3 is 40% of that Fe2(SO4)3  based on one mole of Fe2(SO4)3. In the incineration 
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experiment, this will mean that 40% of the sample weight would be retained theoretically. From the 
incineration experiment results, 44% of the initial sample weight was retained after incineration. 
This would correlate fairly to the theoretically expected outcomes for the thermal decomposition of 
ferric sulfate.   
 
Thus, using a combination of the empirical and theoretical analogies to verify the use of the 445oC 
incineration method for quantifying the S0 mass fraction in the sulfur-metal-based and iron-based 
salt components, have proved the method valid. As such, the method can be applied to the S0 and 
iron-based precipitants, i.e. FeCO3, FeO(OH) and FeS, of this study. So, if the iron-based 
precipitants determined from XRD analyses of this study are considered, the theoretical weight loss 
has to be determined for each compound based on boiling points and decomposition temperatures. 
The boiling point for FeS is reported at around 1194oC, which would mean that FeS undergoes no 
changes during the 445oC incineration process and no weight loss is expected. The boiling points 
for FeCO3 and FeO(OH) were reported at 333oC and 350oC from literature (Narasimhan et al., 2002; 
Xuan et al., 2006, Naono and Nakai, 1988, Naono et al., 1987). Xuan et al. (2006) reported that 
both Fe3O4 and Fe2O3 was formed at thermal conditions of 500oC. Wang et al. (2011) reported the 
formation of Fe3O4 at temperatures below 400oC and that further oxygenation results in the 
formation of Fe2O3 at temperatures starting from 464oC. `The reaction progression was reported as 
follows in both studies for FeCO3→FeO→Fe3O4→Fe2O3. These reaction stoichiometries are shown 
in equations E A3.1d to f 
 
3𝐹𝐹𝐹𝐹𝐶𝐶𝑂𝑂3 ∆→ 3𝐹𝐹𝐹𝐹𝑂𝑂 + 3𝐶𝐶𝑂𝑂2       (E3.1d) 
3𝐹𝐹𝐹𝐹𝑂𝑂 + 1
2




𝑂𝑂2 ∆→ 3 𝐹𝐹𝐹𝐹2𝑂𝑂3       (E A3.1f) 
 
The molar relationship for FeCO3 used to produce Fe3O4 is 3:1. For the purpose of this study, it will 
assume that Fe3O4 is formed at 445oC incineration only.  
 
Naono et al. (1987) and Music et al. (2003) reported the formation of Fe2O3 from FeO(OH) at 





→ 𝛼𝛼 𝐹𝐹𝐹𝐹2𝑂𝑂3 + 𝐻𝐻2𝑂𝑂       (E A3.1g) 




2mole of FeOOH produces 1 mole of Fe2O3 has to be used as a relation during computations of 
weight changes for the purpose of applications of this method.  
  
Table A 3.1B below shows that weight changes for the individual iron-based components during 




Thus, it can be concluded that the use of the 445oC incineration method for estimation of the 
elemental sulfur mass fraction of a sample with a mixture of S0 and other iron-based precipitants. 
However, the sample iron-based salt component should only make up a small fraction of the sample 
on a mass: mass basis. This could be deduced from the residual mass after incineration that could 








Properties and Analysis 
Molar Mass (g/mole) 32 88 89 116
Boiling Point (BP)/Dissosiation(D) (oC) 445 1195 350 333
%S 100% 36%
Expected % Mass Retained Residual 0% 100%
Expected % Mass Loss (vapoured) 100% 0%
Product of reaction  Fe2O3 MM (g/mole) 160
% weigth retained from FeOOH →Fe2O3 90%
Product of reaction  Fe3O4 MM (g/mole) 232
% weigth retained from FeCO3 →Fe3O4 67%
TABLE A3.1B: Expected results fron 445oC incinetion of S0 and Iron-
based salts 
